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Background
Individual variation in cognitive functioning at older age
One of the most intriguing questions in cognitive aging research is: Why do some people 
function very well up to high age, retaining normal cognitive functioning, while others 
suffer from mild or severe cognitive problems? This question leads directly to another one: 
How is ‘normal’ cognitive aging actually defined? Behavioral research has shown that, 
typically, aging is associated with declined performance on measures of information 
processing speed, attention, memory, and executive functioning. In contrast, other 
cognitive domains, such as semantic knowledge and world knowledge, appear to be 
unaffected or even improved at older age (for reviews, see 1,2). Cognitive decline is likely to 
be, at least partly, caused by aging-related changes in brain structure, such as reduced 
gray matter volume,3 reduced white matter integrity,4 dopamine receptor loss,5 and 
cerebro vascular degeneration.6 In addition, aging-related changes in brain function have 
consistently been reported, including a reduction in functional specialization of brain 
areas,5,7 decreased activation of the medial temporal lobe,8 changes in functional network 
connectivity,9,10 and dysregulation of the default mode network.11,12 The aging brain may 
counteract these adverse effects by recruitment of additional neural circuits during 
cognitive processing; a form of compensation in order to preserve cognitive function.13,14
 Currently, the major challenges of the field of cognitive aging research are to relate 
the aging-related changes in brain structure and function to the level of cognitive 
functioning, to explain individual variation in cognitive decline, and to find ways to 
counteract cognitive decline. In this thesis, I will shed some light on the neurocognitive 
compensatory mechanisms of the aging brain by investigating the relationship between 
brain activation and cognitive performance in cognitively healthy older people and in 
older people who experience mild cognitive problems.
A life course model of the Scaffolding Theory of Aging and Cognition
Park and Reuter-Lorenz15 introduced the Scaffolding Theory of Aging and Cognition 
(STAC), and later the revised version, STAC-r.16 STAC-r is a conceptual model of cognitive 
aging that aims to explain how adverse and favorable influences on brain structure and 
brain function over the life course result in varying levels of cognitive function across older 
individuals. Figure 1 depicts the many variables of the dynamic STAC-r model that may 
influence the outcome variables ‘level of cognitive function’ and ‘rate of cognitive change’. 
Central to the model is the concept of ‘compensatory scaffolding’. Compensatory 
scaffolding encompasses the recruitment of supplementary neural circuitry that provides 
additional computational support required by the aging brain to maintain cognitive 
functioning in the face of structural and functional decline of the brain. Hence, it can 
be considered as a form of plasticity. As evident from the neuroimaging literature, 
compensatory scaffolding can take the form of, for example, bilateral recruitment (or, 
502052-L-bw-Vermeij
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reduced lateralization) and enhanced prefrontal recruitment during performance of a 
cognitive task.
 Furthermore, STAC-r describes life-course factors that contribute to neural health, that 
is, ‘neural resource enrichment’, or to neural dysfunction, that is, ‘neural resource depletion’. 
These factors constitute their influence on the level of cognitive function either directly, 
by affecting brain structure and function, or indirectly, by increasing or decreasing the 
capacity for compensatory scaffolding. For example, a high level of cardiovascular fitness 
may enhance neural health directly, by stimulating neurogenesis or improving vasculature, 
while vascular risk factors or stress may directly lead to signs of neural dysfunction, such as 
regional atrophy and white matter abnormalities. Alternatively, life-course factors may 
enhance compensatory scaffolding and thereby provide protection against neurodegen-
eration. For example, in older individuals with a high level of education, cognitive function 
may remain unaffected despite signs of neural pathology.
Figure 1 A life course model of the Scaffolding Theory of Aging and Cognition (STAC-r). 
Reprinted from Reuter-Lorenz PA, Park DC. How does it STAC up? Revisiting the Scaffolding Theory of Aging and 
Cognition. Neuropsychol Rev 2014; 24: page 360, with permission from Springer.
502052-L-bw-Vermeij
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 Finally, the STAC-r model incorporates the ‘intervention’ component. Research has 
demonstrated the beneficial effects of interventions that are aimed at improving cognitive 
function at older age, including cognitive training, physical exercise, learning of new skills, 
and engagement in social activities. Although the underlying neurocognitive mechanisms 
of these interventions are largely unknown, it is plausible that they promote compensatory 
scaffolding.
 Close similarities exist between aspects of the STAC-r model and the distinct, but 
related, concepts ‘brain reserve’ and ‘cognitive reserve’, which have been put forward by 
Stern.17,18 Brain reserve refers to individual differences in brain structure that explain 
differential susceptibility to functional impairment in the presence of brain pathology. 
Cognitive reserve refers to individual differences in cognitive processes or strategies, as a 
function of lifetime intellectual activities and other environmental factors, that explain 
differential susceptibility to functional impairment in the presence of brain pathology. As 
the concept of cognitive reserve only operates at the cognitive level, Stern17,18 proposed 
two mechanisms that may form the neural basis of cognitive reserve: ‘neural reserve’ and 
‘neural compensation’. Neural reserve addresses the individual differences in neural network 
efficiency and capacity, whereas neural compensation encompasses the utilization of 
alternative neural networks that are not typically used by healthy individuals in order to 
maintain or improve cognitive performance.
 The STAC-r model of Reuter-Lorenz and Park16 and the reserve model of Stern17 are 
compatible, because the models propose similar principles and mechanisms to explain 
the level of cognitive functioning at older age. For example, both brain reserve and 
cognitive reserve can be enhanced or reduced by, respectively, the neural enrichtment 
variables and neural depletion variables described by the STAC-r model. However, Stern17 
argues that the reserve model is more widely applicable across the life span and across a 
range of brain challenges compared to the STAC-r model. In contrast, Reuter-Lorenz and 
Park16 argue that in comparison to the reserve model, STAC-r more clearly represents the 
dynamic response of the neural system to decline, and the ability to show compensation 
through neuroplastic reorganization. One critical difference between the models lies in 
the definition of compensation. According to the STAC-r model, compensation can take 
several forms and encompasses both the recruitment of alternative neural networks, as 
well as the recruitment of typically activated networks to a larger extent. In contrast, 
according to the reserve model, the definition of compensation is more strict and only 
includes the recruitment of alternative neural networks.
 Inspired by the STAC-r model and the reserve model, in this thesis, my aim is to gain 
more insight into the core construct of compensation. Specifically, this thesis will zoom in 
on one form of compensation: prefrontal recruitment. Furthermore, it will be investigated 
to what extent a cognitive intervention may influence prefrontal recruitment in healthy 
individuals and patients with mild cognitive impairment.
502052-L-bw-Vermeij
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Mild cognitive impairment
In Europe, the prevalence of dementia is 1.6 % in people aged 65-69 years, and this 
prevalence increases to 7.4 % in people aged 75-79 years, 26.2 % in people aged 85-89 
years, and 46.3 % in people aged 95 years and over.19 Dementia develops over the course 
of many years and places a high burden on patients, their caregivers and society. The 
need to detect the earliest signs of neurodegenerative diseases resulted in the clinical 
construct ‘mild cognitive impairment’ (MCI), which aims to identify individuals at the 
prodromal stage of dementia.20 Ten years after the formulation of the diagnostic criteria, 
the prevalence of MCI was estimated to be 14 % to 18 % in people aged 70 years and over. 
Patients with MCI are at increased risk of developing dementia. The annual rate of 
progression to dementia varies from 6 % to 10 % in the general MCI population, and from 
10 % to 15 % in clinical settings.21 Although this conversion rate in MCI is elevated in 
comparison to normal aging, a substantial proportion of individuals with MCI remains 
cognitively stable over time, or even reverts to a normal cognitive state at long-term 
follow-up.22
 The construct ‘MCI’ represents a heterogeneous group. The course of cognitive 
decline is dependent on MCI subtype and aetiology. In this thesis, research will be focused 
on the amnestic subtype of MCI. This subtype is considered to reflect a prodromal stage 
of Alzheimer’s disease.23 The following diagnostic criteria for amnestic MCI were formulated 
by Petersen:24
1) Memory complaint usually corroborated by an informant
2) Objective memory impairment for age
3) Essentially preserved general cognitive function
4) Largely intact functional activities
5) Not demented
The changing role of the prefrontal cortex
To understand variation in cognitive performance at older age, it is crucial to investigate 
changes in brain activation over the life-course. Functional neuroimaging research has 
revealed differences in brain activation between young and older adults during cognitive 
task performance. Two patterns of aging-related changes have been consistently reported. 
The first is a reduction in occipitotemporal activation together with an increase in 
activation of the prefrontal cortex. This has been called the ‘posterior-anterior shift in 
aging’ (PASA13). The second is a more bilateral pattern of prefrontal activation in older 
adults on tasks for which young adults typically show unilateral activation. This pattern 
has been referred to as Hemispheric Asymmetry Reduction in OLDer adults (HAROLD25). 
Aging-related over-recruitment of the prefrontal cortex has been observed across several 
cognitive domains such as perception, attention, memory encoding and retrieval, and 
executive functioning, but most extensively for working memory and inhibitory control 
tasks.26
502052-L-bw-Vermeij
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 Over-recruitment of the prefrontal cortex in older adults has been interpreted as a 
compensatory mechanism, or ‘compensatory scaffolding’, that can aid cognitive performance. 
Reuter-Lorenz and Cappell14 formulated the Compensation-Related Utilization of Neural 
Circuits Hypothesis (CRUNCH) to provide an explanation for prefrontal over-recruitment. 
CRUNCH proposes that, irrespective of age, neural engagement varies with the level of 
cognitive demand, and that activity in cortical regions is upregulated up to a certain level 
as cognitive load increases. Therefore, the relationship between cognitive load and 
prefrontal activation may be described by an S-shaped function, which is depicted in 
Figure 2. In comparison to young adults, older adults may need to recruit more neural 
resources at lower levels of cognitive demand in order to counteract reduced neural 
efficiency and to maintain performance. At high levels of task load, this compensatory 
mechanism may no longer be effective, leading to reduced brain activation in older adults 
in comparison to young adults. Accordingly, this mechanism results in a leftward shift of 
the S-shaped function in older adults relative to young adults (see Figure 2). In this thesis, 
it is proposed that a distinction can be made between the cognitive load-brain activation 
curves of low-performing older adults and high-performing older adults, with a further 
leftward shift of the S-shaped function in low-performing older adults (see Figure 2). 
Figure 2  A model illustrating the relationship between cognitive load and brain activation 
in young adults, low-performing older adults and high-performing older adults. 
Based on Grady C. The cognitive neuroscience of aging. Nature Rev Neurosci 2012; 13: page 494.
Cognitive load
Br
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Low-performing elderly 
502052-L-bw-Vermeij
16
CHAPTER 1
As can be observed in Figure 2, brain activation levels off when the cognitive capacity 
limit of an individual has been reached, and the individual may thus not be able to perform 
the task anymore after exceeding this limit.
 An alternative explanation for aging-related prefrontal over-recruitment is that it 
reflects less efficient use of neural resources or less selective recruitment of brain areas, 
also termed dedifferentiation.5 According to this interpretation, over-recruitment may not 
necessarily be related to performance level or lead to better task performance. The 
literature is supportive of both alternative explanations ‘compensation’ and ‘dedifferentia-
tion’ and it is unlikely that these concepts are mutually exclusive; the aging brain may 
show reduced selectivity in some domains or task-specific processes, such as face 
processing in visual areas, while showing compensatory recruitment in other domains or 
task-specific processes, such as prefrontal recruitment during working-memory performance. 
Taken together, in order to gain a better understanding of prefrontal over-recruitment, it 
is relevant to study the cognitive load-brain activation curve in relationship with behavioral 
performance.
Cognitive training
Many older individuals are concerned with the potential loss of their cognitive abilities 
with aging. In response, an increasing number of brain training products have appeared 
on the market. The ‘brain training industry’ often claims that use of these products will 
lead to improvement of memory and daily-life functioning, or even reversal of cognitive 
impairment. However, in most cases, solid scientific evidence for these claims is lacking 
altogether, and research is needed to investigate the impact of computerized brain 
training. Recently, the scientific community published the following statement:27 “We 
object to the claim that brain games offer consumers a scientifically grounded avenue to 
reduce or reverse cognitive decline when there is no compelling scientific evidence to 
date that they do. The promise of a magic bullet detracts from the best evidence to date, 
which is that cognitive health in old age reflects the long-term effects of healthy, engaged 
lifestyles. In the judgment of the signatories below, exaggerated and misleading claims 
exploit the anxieties of older adults about impending cognitive decline. We encourage 
continued careful research and validation in this field.”
 Although the brain training industry frequently presents exaggerated claims, there is 
scientific evidence for retained cognitive plasticity in healthy aging individuals and 
patients with MCI, suggesting that they may benefit from cognitive interventions (for 
reviews, see 28-31). In the literature, three related, yet distinct forms of cognitive interventions 
have been defined:32 cognitive stimulation (i.e., non-specific enhancement of cognitive 
and social functioning), cognitive rehabilitation (i.e., individualized approach focused on 
improving performance of daily-life activities in impaired individuals), and cognitive 
training (i.e., “guided practice on a set of standard tasks designed to reflect particular 
cognitive functions, such as memory, attention or problem solving”). Hence, cognitive 
502052-L-bw-Vermeij
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training is focused on a cognitive process-based training regime involving repeated 
practice, but the definition of cognitive training has been broadened by some researchers 
to include metacognitive strategy training. While the emphasis of cognitive rehabilitation 
is not on enhancing cognitive task performance as such, but on improving functioning in 
the everyday context, the aim of cognitive training is to enhance cognitive reserve. The 
focus in this thesis will be specifically on cognitive training.
 An important question regarding the effects of cognitive training is whether the 
benefits translate to untrained tasks and situations, referred to as ‘far transfer’. With respect 
to far-transfer effects, two studies have received a lot of media attention during the past 
few years. In one of the largest trials conducted on older adults to date, the ACTIVE study, 
participants were randomized over training sessions focused on either memory, reasoning 
or processing speed, or the no-training control group. The older adults showed improved 
performance on the trained domain, but there was no generalized enhancement of 
cognitive functioning. Five years later, these effects persisted. In addition, the trained 
groups reported fewer difficulties with instrumental activities of daily life (IADL) in 
comparison to the control group.33 At 10-year follow-up, improvement in the training 
domains had retained for the reasoning and processing speed groups, but not for the 
memory group. All trained groups still showed better IADL performance than the control 
group.34 In another study, older adults practiced an adaptive multitasking video game 
(NeuroRacer) for four weeks.  After training, they had reduced multitasking costs compared 
to control groups, and had attained performance levels beyond those achieved by 
untrained young adults. These gains were still present at six months follow-up. In addition, 
cognitive abilities that were not specifically targeted by the training, such as working 
memory and sustained attention, were improved as well.35 These studies suggest that 
relatively limited and focused cognitive training can induce a long-term effect on 
cognition and activities of daily living. However, these studies are exceptions in the field of 
cognitive training studies in older adults; with respect to far transfer to untrained tasks and 
everyday life, the results of studies are inconclusive. Furthermore, the neurocognitive 
mechanisms underlying training and transfer effects are poorly understood.
 During the past few years, studies on the neural correlates of training and transfer 
effects in healthy aging individuals have started to emerge (for example, 36-38). Although in 
an early stage, there is a shift in the field towards the development of cognitive training 
paradigms that are based on the principles of neuroplastic reorganization and designed 
to target specific cognitive processes. In this thesis, cognitive training is therefore focused 
on working memory, which plays a central role in cognitive functioning.
Measuring cerebral hemodynamics: functional Near-Infrared Spectroscopy 
In order to study the neural correlates of working-memory performance, in this thesis, a 
non-invasive, optical neuroimaging technique has been utilized: functional Near-Infrared 
Spectroscopy (fNIRS). With fNIRS, neuronal activation can be indirectly determined by 
502052-L-bw-Vermeij
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monitoring concentration changes in oxygenated hemoglobin (O
2
Hb) and deoxygenated 
hemoglobin (HHb). Typically, after stimulus onset, neuronal activation induces an increase in 
the concentration of O
2
Hb, which is accompanied by a smaller decrease in HHb concentration. 
This task-induced response is known as the hemodynamic response function.
 In order to perform optical neuroimaging, pairs of light-emitting optodes and 
light-detecting optodes are placed on the scalp over the regions of interest, usually with 
an interoptode distance of 2.5 to 5.5 cm. Biological tissues are relatively transparent to light 
in the near-infrared spectral window, which is approximately 650 to 950 nm. The emitted 
light scatters through the head; a part will be absorbed by chromophores such as 
hemoglobin, a part will leave the head and can be detected by the receiving optode, and 
a part will leave the head undetected (see Figure 3). The detected light is assumed to 
have travelled a banana-shaped path through the brain and have reached a depth of 
approximately half the interoptode distance. Assuming that the amount of scattering is 
constant, the attenuation of the intensity of the emitted light is caused by a change in 
Figure 3  Schematic illustration of three possible pathways of the near-infrared light during 
measurements. Part of the light will be absorbed by chromophores such as hemoglobin 
(1), a part will leave the head and can be detected by the receiving optode (2), and a part 
will leave the head without being detected by the receiver optode (3). 
Acknowledgements: Thanks to Koen Ketelaars for drawing Figure 3.
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concentration of the absorbing chromophore. The absorption spectrum of hemoglobin 
depends on its oxygenation state. This property can be used to distinguish between 
attenuation of the near-infrared light caused by O
2
Hb and attenuation caused by HHb. 
Hence, knowing the attenuation of the emitted light, its wavelength, the specific 
extinction coefficient of the examined chromophore, the interoptode distance, and 
the distance that the light has travelled through the head, changes in chromophore 
concentration can be calculated by using the modified Lambert-Beer Law (for reviews, 
see 39,40).
 fNIRS offers a number of advantages in comparison to fMRI, the most widely used 
hemodynamic neuroimaging technique to date, which makes fNIRS particularly suitable 
for application in older adults. fNIRS enables measurement of cognitive activation in a 
quiet lab setting while the participant is sitting (or even standing or walking), instead of 
measurement in a loud, restrictive environment while the participant is in supine position. 
In addition, fNIRS has low running costs. Some contraindications for undergoing an MRI 
procedure are not relevant for fNIRS; the presence of active implants or metallic parts in 
the body does not pose any risk, which is convenient for measurements in the older 
population. In comparison to fMRI, temporal resolution is relatively better in fNIRS, but 
spatial resolution is relatively worse. By using fNIRS, it is not possible to measure activation 
in subcortical structures. Finally, while performing fNIRS measurements, it is possible to 
simultaneously monitor other physiological signals, such as blood pressure, heart rate, 
respiration rate and cerebral blood flow velocity. These measures can be informative 
about the (cerebro)vascular status of the participant.
 In this thesis, fNIRS is primarily used to monitor concentration changes of O
2
Hb and 
HHb, but one chapter will focus on the oscillatory nature of the fNIRS signal. Aging is 
accompanied by a degradation of the cerebrovascular system.6 A decrease in the magnitude 
of the spontaneous oscillations in hemodynamic signals may be indicative of vessel 
stiffness. To gain more insight into the vascular function of healthy aging individuals, the 
final chapter therefore explores the effects of cognitive load on hemodynamic oscillations.
502052-L-bw-Vermeij
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Aims and outline of this thesis
The primary aim of this thesis is to gain insight into the compensatory mechanisms of the 
prefrontal cortex in normal aging and mild cognitive impairment. This thesis is divided in 
three parts, which all describe components of the primary aim.
 The first part of the thesis investigates aging-related changes in functional brain 
activation during working-memory performance. In Chapter 2, activation patterns of the 
prefrontal cortex in response to a verbal working-memory task are being compared between 
healthy young adults and healthy older adults. Chapter 3 explores the relationship 
between individual behavioral performance level and prefrontal activation, induced by a 
spatial working-memory task, in healthy older adults.
 The second part examines cognitive plasticity both in healthy older adults, and in 
older adults with mild cognitive impairment. Chapter 4 reports the effects of adaptive 
working-memory training on neuropsychological task performance in the working- 
memory domain and other cognitive domains. Chapter 5 investigates the effects of this 
cognitive intervention on prefrontal activation in both groups. In addition, the relationship 
between individual behavioral performance level and prefrontal activation is further 
explored, in order to predict individual differences in cognitive training gain.
 The third part establishes aging-related neurovascular changes that are reflective 
of cerebral vascular function and may thereby influence functional brain activation. 
Chapter 6 describes the influence of the factors ‘age’ and ‘cognitive load’ on blood 
pressure oscillations and cerebral hemodynamic oscillations.
 Chapter 7 provides a summary and a general discussion of the findings in the 
previous chapters.
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Abstract
Working memory is sensitive to aging-related decline. Evidence exists that aging is 
accompanied by a reorganization of the working-memory circuitry, but the underlying 
neurocognitive mechanisms are unclear. In this study, we examined aging-related changes in 
prefrontal activation during working-memory performance using functional Near-Infrared 
Spectroscopy (fNIRS), a noninvasive neuroimaging technique. Seventeen healthy young 
(21-32 years) and 17 healthy older adults (64-81 years) performed a verbal working-memory 
task (n-back). Oxygenated and deoxygenated hemoglobin concentration changes were 
registered by two fNIRS channels located over the left and right prefrontal cortex. 
Increased working-memory load resulted in worse performance compared to the control 
condition in older adults, but not in young participants. In both young and older adults, 
prefrontal activation increased with rising working-memory load. Young adults showed 
slight right-hemispheric dominance at low levels of working-memory load, while no 
hemispheric differences were apparent in older adults. Analysis of the time-activation 
curve during the high working-memory load condition revealed a continuous increase of 
the hemodynamic response in the young. In contrast to that, a quadratic pattern of 
activation was found in the older participants. Based on these results it could be 
hypothesized that young adults were better able to keep the prefrontal cortex recruited 
over a prolonged period of time. To conclude, already at low levels of working-memory 
load do older adults recruit both hemispheres, possibly in an attempt to compensate for 
the observed aging-related decline in performance. Also, our study shows that aging 
effects on the time course of the hemodynamic response must be taken into account in 
the interpretation of the results of neuroimaging studies that rely on blood oxygen levels, 
such as fMRI.
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Introduction
Working memory is one of the cognitive functions that is particularly sensitive to 
aging-related decline.1-3 Aging is associated with both decrements in working-memory 
capacity and alterations in working-memory processing networks.4 In contrast to young 
adults, older people have been reported to demonstrate more bilaterally organized 
prefrontal components of the working-memory circuitry.5 Further, reduced hippocampal 
activity6 and additional activation of prefrontal regions during working-memory performance 
have been reported.7
 The precise underlying neurocognitive mechanisms of altered prefrontal activation 
in older adults are unclear. Two main hypothesis regarding the alterations have been 
proposed: the dedifferentiation and compensation hypotheses. The dedifferentiation view 
holds that due to decreased neural responsivity and increased neural noise, the cortical 
representations become less distinctive in the aging brain. This leads to the recruitment 
of similar brain systems by different neurocognitive functions, regardless of whether it is 
beneficial for behavioral performance or not.8 According to the compensatory reorganization 
hypothesis, additional recruitment of brain regions may represent compensatory 
mechanisms recruited to counteract aging-related neurocognitive decline, in order to 
achieve or attempt to achieve the same performance levels as younger adults.9,10
 The recruitment of additional neural circuitry is not unique to the aging brain. The 
Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH) proposes that, 
irrespective of age, neural engagement varies with the level of task demand.9 According 
to CRUNCH, declined neural efficiency in older adults leads to recruitment of more neural 
resources than young adults at low levels of task demand. However, as task demands 
increase, older adults reach a limit of neural resource availability, resulting in underactiva-
tion relative to young adults at higher loads. Consistent with this notion, previous 
functional Magnetic Resonance Imaging (fMRI) and electroencephalography (EEG) 
research showed that working-memory processing is modulated by working-memory 
load and age.11-15
 The current study utilizes functional Near-Infrared Spectroscopy (fNIRS), a noninvasive 
neuroimaging technique, to gain more insight into aging-related changes in functional 
prefrontal activation patterns during working-memory performance. The principles of 
fNIRS have been extensively described (for reviews, see 16-18). fNIRS is particularly sensitive 
to the microvasculature19,20 and enables monitoring of concentration changes in cortical 
oxygenated ([O
2
Hb]) and deoxygenated hemoglobin ([HHb]) with high temporal 
resolution. Based on the tight coupling of neural activity and oxygen delivery,21 both 
increases in [O
2
Hb] and decreases in [HHb] are taken as indicator of cortical activation.22 
fNIRS has been used to gain more insight into the physiological mechanisms of the BOLD 
response during fMRI22 and may, for example, be a useful technique for brain-computer 
interfaces.23 In comparison to fMRI, fNIRS has low running costs, a high portability, it is 
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relatively insensitive to movement artifacts, and it enables measurements in a natural 
setting. These advantages of fNIRS make the technique perfectly suitable to study 
functional brain activation in a broad range of participants including children, psychiatric 
patients, and elderly.
 Few studies have applied fNIRS in the field of cognitive aging. These fNIRS studies 
showed an aging-related decline in prefrontal activity during performance of an arithmetic 
task,24 a verbal fluency task,25 a Stroop task,26 three subtests of the Wechsler Adult 
Intelligence Scale,27 or a walking-while-talking task.28 Herrmann et al.29 found aging-related 
decline in prefrontal activity during a verbal-fluency task. Young adults showed left-hemi-
spheric lateralization, but older adults did not show a lateralization effect. Tsjuii et al.30 
reported that the right inferior frontal cortex was more activated than the left inferior 
frontal cortex in young adults during performance of a deductive reasoning task. Older 
adults additionally recruited the left inferior frontal cortex in order to compensate for age- 
related decline. To our knowledge, no fNIRS studies on the relationship between prefrontal 
activation and working-memory load in older adults have been published to date.
 In fMRI research, the n-back paradigm has reliably and validly been employed in 
establishing cerebral activity patterns in the prefrontal cortex in relation to increasing 
working-memory load.31,32 Performance of the n-back task requires on-line monitoring, 
updating, and manipulation of remembered information. Therefore, it is assumed that 
large demands are placed on several key processes within working memory. The executive 
processing components of working-memory are assumed to be more affected by aging 
than the storage components.33 In contrast to, for example, delayed-matching-to-sample 
tasks, the n-back task requires not only passive maintenance, but also executive processing 
operations, especially at higher task loads. Therefore, the n-back task is highly suitable for 
cognitive aging research.
 fMRI studies reported increased prefrontal activity in older adults in comparison with 
young adults during performance of a verbal 1-back task. Higher working-memory loads 
(2- and 3-back) resulted in reduced prefrontal activity.11,12 Nagel et al.13 reported that in 
young adults, activation increased linearly from 1-back up to the highest level of 
working-memory load (3-back) in several prefrontal areas except the right ventrolateral 
cortex. By contrast, for older adults, no linear increase was reported, except for the left 
frontopolar cortex, suggesting compensatory activation at low load. The EEG study of 
Missonnier et al.14 showed that in older adults the amplitude of the frontal early posi-
tive-negative working memory (PNwm) component, reflecting neural activity, reached 
maximal values during the less demanding 0-back task. In young adults, maximal values 
were reached during performance of the 2- and 3-back task.
 The aim of the current study was to investigate how prefrontal brain activity is 
changing as a function of parametric manipulations of working-memory load in both 
young and older adults. Based on theories of prefrontal compensatory mechanisms in 
aging9,34 we hypothesized that, compared to young, older people show increased 
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prefrontal recruitment during working-memory performance. To test this hypothesis we 
measured prefrontal activation during performance of a verbal n-back task using fNIRS.
Methods
Participants
Thirty-four healthy Dutch speaking volunteers participated in the study (17 young adults, 
10 female, mean age = 25.9 ± 3.0 years, range 21-32; 17 older adults, 11 female, mean age 
= 70.7 ± 5.2 years, range 64-81). The young adults were recruited from the social network 
of the authors and were just as naive about the study as the older adults. The older adults 
were recruited from local bridge, chess, and senior clubs. They did not experience memory 
problems (self report), were living independently at home, and had unimpaired cognitive 
function as assessed with the Mini Mental State Examination35 (mean score = 29.2 ± 0.9, 
range 27-30). The educational level of the participants was assessed based on the Dutch 
educational system,36 using seven categories (1 = less than primary school, 7 = university 
degree). The educational level slightly differed between the young (M = 6.7 ± 0.7, range 
5-7) and older adults (M = 5.5 ± 0.9, range 4-7) (Mann-Whitney U = 49.50, p < .001), but all 
participants completed secondary school or higher. Also, in older adults, educational level 
often underestimates actual intelligence, because many had limited access to advanced 
schooling. All participants had an IQ > 85 as estimated by the Dutch version of the National 
Adult Reading Test.37 All were right-handed and had normal or corrected-to-normal vision. 
None of the participants had a history of neurological/psychiatric disease or used psycho-
pharmacological drugs. Six older adults used antihypertensive medication. All participants 
refrained from alcohol, caffeine, and nicotine from at least 3 hours before the experimental 
session.
Ethics statement
The research proposal of the present study was submitted to the regional medical-ethics 
committee (CMO Arnhem-Nijmegen, no. 2009/198), but was deemed exempt from formal 
medical ethical evaluation, because the study does not fall within the remit of the Medical 
Research Involving Human Subjects Act (WMO). All participants gave written informed 
consent. All data were anonymized before analysis. The study was performed according 
to the Helsinki Declaration.
Experimental paradigm
Participants performed three versions of a verbal n-back task (see Figure 1): 0-back (control 
condition), 1-back (low working-memory load condition), and 2-back (high working- 
memory load condition). Prior to all conditions, participants practiced the task for one 
minute and received feedback about their performance. The conditions were preceded 
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by a baseline period of one minute, during which a black fixation cross was displayed at 
the center of the 15 inch screen. Stimuli were presented in black on a gray background 
using E-prime 2.0 software (Psychology Software Tools, PA, USA), which also registered the 
behavioral performance. Stimulus presentation time was 500 ms. Interstimulus interval 
was set to 3000 ms to optimize the behavioral response of the older participants.33,38 All 
conditions consisted of 60 trials of which 17 were target trials. The distribution of targets 
over the task period was random. In each trial participants indicated whether the stimulus 
was a target by pressing the button under the right index finger, or a non-target by 
pressing the button under the right middle finger (PST Serial Response Box, Psychology 
Software Tools Inc., PA, USA). On each trial, a letter that was randomly selected from a 
set of 20 consonants was displayed at the center of the screen. In the 0-back condition, 
the letter ‘X’ was defined as target. In the 1-back and 2-back condition, the target was 
any letter that was identical to the letter presented n trials before, while the letter ‘X’ 
was no longer shown. The whole experimental procedure lasted around 20 minutes per 
participant. To minimize effects of fatigue, participants were able to rest a couple of 
minutes between conditions.
Instrumentation
[O
2
Hb] and [HHb] (µmol/L) were measured by a continuous-wave NIRS device (Oxymon 
Mk III, Artinis Medical Systems, The Netherlands) using light of three wavelengths (765, 857, 
859 nm). Near-infrared light penetrates biological tissue such as the skull and brain rather 
Figure 1  Schematic overview of the verbal n-back task. Stimulus presentation was 500 ms, 
interstimulus interval (ISI) 3000 ms. During the ISI, a fixation cross was displayed. Participants 
were allowed to respond until the next stimulus appeared.
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easily. In the cerebral cortex, the near-infrared light is absorbed by the chromophores 
O
2
Hb and HHb, which have different absorption spectra. Assuming constant scattering39 
and by using the modified Lambert-Beer Law, it is possible to calculate the concentration 
of these chromophores in the penetrated brain tissue based on changes in the detected 
light intensity. Both increases in [O
2
Hb] and decreases in [HHb] are indicators of cortical 
activation. Concentration changes in total hemoglobin ([tHb]), defined as the sum of 
changes in [O
2
Hb] and [HHb], are used as an indicator of alterations in total blood volume. 
Since absolute concentration of the chromophores O
2
Hb and HHb cannot be determined by 
a continuous-wave NIRS device, all measurements are expressed as absolute concentration 
changes from an arbitrary zero at the start of the measurement period. Data were sampled 
at 125 Hz.
 Two pairs of optodes were bilaterally attached to the forehead and were tightly fixed 
in a customized headband (Spencer technologies, Seattle, Wa). The detection optodes 
were placed 25-30 mm above the midpoint of the eyebrow, at approximately FP1 and FP2 
according to the international 10-20 electrode system (see Figure 2). The emission optodes 
were laterally placed at approximately F7 and F8. The emitter-detector spacing was 50 
mm to minimize contamination from the extra-cerebral circulation and maximize signal 
intensity.40,41 Based on Monte Carlo simulation, the average photon path from emitter to 
detector is estimated to be ellipsoid or banana-shaped with a penetration depth of 
approximately 2 to 3 cm.42,43 Hence, the cerebral areas under investigation were the left 
and right superior and middle frontal gyrus (Brodmann’s area 10/46).44 The differential 
Figure 2  Positioning of the two pairs of fNIRS optodes. The subject of the photograph has 
given written informed consent (as outlined in the PLoS consent form) to publication of 
her image.
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pathlength factor (DPF), which accounts for the increased distance travelled by light due 
to scattering, is age-dependent.45 For the young adults, DPF was calculated by the formula: 
4.99 + 0.067×Age0.814. At present however, no data are available on the actual variation of 
DPF in adults aged above 50 years. Therefore, in the older adults, the DPF was set to 6.61, 
corresponding to age 50.45 Although this results in inaccurate estimation of true DPF in the 
elderly, it will have no effect on the accuracy of our assessment of relative changes in 
[O
2
Hb] and [HHb] within and between conditions.46
 Cerebral hemodynamic changes during the n-back task may potentially be influenced 
by systemic changes. To account for this, blood pressure was measured simultaneously 
using a photoplethysmography cuff on the index or middle finger of the left hand of the 
participant (Finometer, Finapres Medical Systems, the Netherlands). Blood pressure data 
were available from 15 young and 14 older adults.
Data processing
fNIRS data were analyzed using commercially available software (Oxysoft, Artinis Medical 
Systems, The Netherlands). A moving average window of 1 s was applied to the [O
2
Hb] 
and [HHb] signals to filter out the noise of the heart beat frequency. The first three trials 
(all non-targets) of all conditions were excluded from behavioral and fNIRS data analyses. 
For the fNIRS signals, the value at the start of the fourth trial was taken as zero. Changes of 
[O
2
Hb], [HHb], and [tHb] were recalculated for 180 s from this point. Subsequently, each 
task period was divided into six time segments of 30 s. Mean values of [O
2
Hb], [HHb], and 
[tHb] were calculated for each time segment. To quantify asymmetric prefrontal activation, 
the laterality index (LI) was calculated for the time segments, and for each task the average 
LI was determined. LI was defined as: 100 × (|ΔQ
left
|
 
- |ΔQ
right
|)/ (|ΔQ
left
|
 
+ |ΔQ
right
|), where Q
left
 
and Q
right
 represent the fNIRS parameters [O
2
Hb], [HHb], and [tHb], measured by the left 
and right fNIRS channel respectively. The value of the LI ranges from -100, indicating 
pure right-hemispheric dominance, to +100, indicating pure left-hemispheric dominance. 
A value near zero indicates no dominant hemisphere.
Statistical analysis
Statistical analysis was performed using PASW Statistics software version 18.0 (SPSS Inc., 
Chicago, IL, USA). Behavioral performance on the verbal n-back tasks was assessed by 
number of hits, misses, correct rejections, and false alarms. The non-parametric 
discrimination index (i.e., sensitivity) A’ was calculated by the formula: 0.5 + ((hit rate - false 
alarm rate) × (1 + hit rate - false alarm rate)) / (4 × hit rate × (1 – false alarm rate)). A’  is a 
performance variable derived from signal detection theory47 and ranges from 0.5 (chance 
level) to 1 (perfect discrimination between targets and non-targets). Shapiro-Wilk tests 
and Q-Q plots indicated that the assumptions for performing an ANOVA were not met. 
Accuracy (i.e. A’) of the young and older adults was compared by Mann-Whitney U tests. 
In both groups, the effects of working-memory load were established by performing 
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Wilcoxon signed-rank tests. For reaction time on targets and non-targets a 2 (group: 
young, old) × 3 (load: 0-,1-,2-back) repeated measures ANOVA was performed.
 The assumption of normality was met by the fNIRS data acquired during the verbal 
n-back task, as was established by Shapiro-Wilk tests. For each of the hemodynamic 
measures, [O
2
Hb], [HHb], and [tHb], a 2 (location: left, right hemisphere) × 2 (group: young, 
old) × 3 (load: 0-,1-,2-back) × 6 (time: time segments 1, 2, 3, 4, 5, 6) repeated measures 
ANOVA was performed. Due to violations of the sphericity assumption, Greenhouse-Geisser 
corrections were applied. Significant main and interaction effects were further analyzed 
by means of planned contrasts. With respect to the aim of the current study, primarily 
significant effects involving the factors load and age are reported, as these are the factors 
of interest. Because we expected that activation in the left and right hemisphere is 
differentially affected by the factors load and age, data from the left and right channel 
were analyzed separately. With respect to the factor time, a trend analysis was performed 
to characterize the time course over the whole task period.
Results
Behavioral performance
Table 1 shows the behavioral results of the young and older adults during the n-back 
tasks. Compared to the control condition, both low and high working-memory load led to 
a declined accuracy in older adults (0- vs. 1-back z = -3.045, p < .001; 0- vs. 2-back z = -3.295, 
p < .001; 1- vs. 2-back z = -2.480, p = .011), but not in young adults. However, with greater 
load reaction times on targets and non-targets increased significantly in both groups 
(p < .001). No group × load interaction was found for reaction time.
fNIRS results
Figures 3 shows the courses over time of the raw fNIRS signals that were measured during 
the 20 s pre-task baseline period and during the 180 s verbal n-back tasks. Figures 4 and 5 
display the mean changes of [O
2
Hb], [HHb], and [tHb] for each of the six 30 s time segments in 
which we divided the 180 s n-back tasks. The four-way interaction of location × time × group 
× load was not significant ([O
2
Hb]: F
(5.23, 167.50)
 = 1.70, p = .134; [HHb]: F
(5.55, 177.68)
 = 0.44, p = .839; 
[tHb]: F
(4.40, 140.92)
 = 2.30, trend p = .055). A significant location × time × group interaction 
indicated lateralization effects, which were not consistent across time and groups ([O
2
Hb]: 
F
(2.64, 84.46)
 = 5.00, p = .004; [HHb]: F
(2.49, 79.52)
 = 0.96, p = .404; [tHb]: F
(2.47, 78.98)
 = 4.51, p = .009). 
Further testing at group level revealed however no significant lateralization effects in the 
older adults (all LIs < ± 12), indicating bilateral activation during 0-back, 1-back and 2-back 
performance. In the young adults, however, a trend was found for the location × time × 
load interaction, but only for changes of [O
2
Hb] (F
(10, 160)
 = 1.80, p = .065). 
The location × time interaction was significant ([O
2
Hb]: F
(2.82, 45.15)
 = 5.15, p = .004; [HHb]: 
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F
(2.17, 34.75)
 = 0.96, p = .295; [tHb]: F
(2.68, 42.89) 
= 4.84, p = .007). LIs suggested slight right- 
hemispheric dominance during 0-back ([O
2
Hb]: LI = -21.7; [HHb]: LI = -4.8; [tHb]: LI = -10.1) 
and 1-back ([O
2
Hb]: LI = -14.9; [HHb]: LI = -14.5; [tHb]: LI = -19.8), but not during 2-back 
performance ([O
2
Hb]: LI = -4.6; [HHb]: LI = -0.28; [tHb]: LI = -15.8). Therefore, to establish 
effects of working-memory load and age, data from the left and right fNIRS channel were 
analyzed separately.
Working-memory load
In the young adults, left prefrontal activation was, overall, larger with increasing working- 
memory load ([O
2
Hb]: F
(2, 32)
 = 3.98, p = .029; [HHb]: F
(2, 32)
 = 5.99, p = .006; [tHb]: F
(2, 32)
 = 5.48, 
p = .009). The 2-back vs. 1-back comparison showed increased [O
2
Hb] (p = .007), decreased 
[HHb] (p = .015), and increased [tHb] (p = .020). The 2-back vs. 0-back comparison revealed 
increased [O
2
Hb] (trend; p = .058) and increased [tHb] (p = .003). The 1-back vs. 0-back 
comparison showed decreased [HHb] (p = .005). For the right prefrontal cortex, there were 
no clear effects of working-memory load in the young adults. Only the 2-back vs. 0-back 
comparison showed increased [O
2
Hb] (trend; p = .057) and increased [tHb] (p = .016).
 In the older adults, both left and right prefrontal activation increased with rising load 
(left: [O
2
Hb]: F
(2, 32)
 = 10.94, p < .001; [HHb]: F
(2, 32)
 = 2.41, p = .106; [tHb]: F
(2, 32)
 = 11.94, p < .001; 
right: [O
2
Hb]: F
(2, 32)
 = 10.96, p < .001; [HHb]: F
(2, 32)
 = 7.17, p = .003; [tHb]: F
(2, 32)
 = 6.89, p = .003). 
The 2-back vs. 1-back comparison revealed increased [O
2
Hb] (left and right: p < .001), 
decreased [HHb] (left: p = .013; right: p < .001), and increased [tHb] (left: p < .001; right: 
Table 1  Accuracy and reaction times (Mean ± SD) for the verbal n-back tasks.
Young adults Older adults U- or  
F-statistic
A’ (accuracy) 0-back 0.99 ± 0.01 0.99 ± 0.01 139.00
1-back 0.98 ± 0.02 0.97 ± 0.03 94.00
2-back 0.99 ± 0.01 0.94 ± 0.05 51.50**
RT target  
(ms)
0-back 496.60 ± 79.92 660.95 ± 125.05 20.85**
1-back 550.56 ± 77.49 689.89 ± 99.91 20.64**
2-back 643.03 ± 134.01 870.59 ± 154.52 21.04**
RT non-target  
(ms)
0-back 498.38 ± 84.32 610.38 ± 87.41 14.46**
1-back 573.76 ± 101.29 667.98 ± 97.97 7.60*
2-back 728.73 ± 155.20 832.19 ± 159.75 3.67
Note. For group comparisons (young vs. older adults) of accuracy Mann-Whitney-U test values are given. For 
comparisons of reaction time F values are given. **p ≤ .001, *p < .01
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Figure 3  Grand average waveforms of [O
2
Hb], [HHb] and [tHb] changes in the prefrontal 
cortex. The Figure shows raw fNIRS signals of young and older adults during performance of 
the verbal 0-back task (A, B), 1-back task (C, D) and 2-back task (E, F). The last 20 s of the 
pre-task baseline period are marked in the Figure. The n-back task starts at 0 s. The first three 
trials were excluded from further data analysis. The start of the fourth trial has been marked 
by the dashed line (T4). For illustrative purposes, in this Figure the signals were nulled at -22 
s and were averaged over the left and right optode pair.
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Figure 4  Hemodynamic concentration changes in young adults. Mean (± SEM) changes of 
[O
2
Hb], [HHb] and [tHb] in the left and right hemisphere during the six 30-s time segments 
of the verbal 0-back task (A, B), 1-back task (C, D) and 2-back task (E, F).
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Figure 5  Hemodynamic concentration changes in older adults. Mean (± SEM) changes of 
[O
2
Hb], [HHb] and [tHb] in the left and right hemisphere over the six 30-s time segments of 
the verbal 0-back task (A, B), 1-back task (C, D) and 2-back task (E, F).
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p = .006) in both hemispheres. The 2-back vs. 0-back comparison revealed increased 
[O
2
Hb] (left: p = .008; right: p = .003) and increased [tHb] (left and right: p = .001) in both 
hemispheres. No significant changes of the fNIRS parameters were found for the 1-back 
vs. 0-back comparison.
Group differences
For the left fNIRS channel, significant time × group interactions were found for the 1-back 
and 2-back task, but not for the 0-back task, suggesting differences in left prefrontal 
activation over time between young and old. The 1-back condition elicited a significantly 
different response between groups. Young adults showed a small initial drop of [O
2
Hb] 
and [tHb], and subsequently an increase of [O
2
Hb] and [tHb]. Contrary to that, older adults 
showed a decrease of [O
2
Hb] and [tHb] ([O
2
Hb]: F
(3.35, 107.14)
 = 2.97, p = .030; [HHb]: F
(3.00, 95.90)
 = 
0.42, p = .741; [tHb]: F
(2.70, 86.26) 
= 3.26, p = .030). During 2-back performance, both groups 
showed an increase of [O
2
Hb] and a decrease of [HHb], although the time courses 
significantly differed ([O
2
Hb]: F
(2.43, 77.84)
 = 4.00, p = .016; [HHb]: F
(2.45, 78.35)
 = 4.34, p = .011; [tHb]: 
F
(2.24, 71.65) 
= 1.83, p = .163).
 For the right fNIRS channel, we found significant time × group interaction effects that 
were similar to the left fNIRS channel for the 1-back and 2-back task (1-back: [O
2
Hb]: 
F
(2.87, 91.79)
 = 2.93, p = .040; [HHb]: F
(2.68, 85.72)
 = 0.99, p = .393; [tHb]: F
(2.44, 78.15) 
= 2.60, p = .069); 
2-back: ([O
2
Hb]: F
(2.46, 78.63)
 = 9.34, p < .001; [HHb]: F
(2.75, 88.09)
 = 4.70, p = .005; [tHb]: F
(2.26, 72.35) 
= 
7.59, p = .001).
 In summary, no group difference in temporal pattern of prefrontal activation was 
found for the 0-back task. Older adults showed a decrease of the hemodynamic response 
during 1-back performance, while young adults showed an increased response. During 
2-back performance, young adults showed in comparison to older adults stronger 
activation of the prefrontal cortex over time.
Time course
The time courses of the hemodynamic changes differed between young and older adults. 
In young adults, the changes of [O
2
Hb] and [HHb] during performance of all n-back tasks 
and the changes of [tHb] during performance of the 2-back task followed a linear trend (p 
< .05). In the older adults, the changes of [O
2
Hb] (left: p = .055; right: p = .048) and [tHb] 
(left: p = .031; right: p = .078) tended to follow a quadratic course during the 1-back task. 
For the 2-back task, clear quadratic trends were found ([O
2
Hb]: left and right: p = .002; 
[HHb]: left: p = .180; right: p = .099; [tHb]: left and right: p = .001).
 In addition to this difference in linear vs. quadratic shape of the time-activation curve, 
we further analyzed group differences in prefrontal activation during the six time 
segments of the 2-back task. Young adults showed a further increase of [O
2
Hb] and [tHb] 
and a decrease of [HHb] after the fourth time segment (p ≤ .01, with the exception of [tHb] 
left: p = .128). Contrary to that, in older adults the changes of the fNIRS parameters reached 
502052-L-bw-Vermeij
41
NEURAL CORRELATES OF WORKING-MEMORY PERFORMANCE IN HEALTHY OLDER ADULTS
2
a maximum and plateau level during the third time segment. [tHb] significantly declined 
after the fifth time segment (p < .05).
Blood pressure
Mean blood pressure slightly increased during performance of the 0-back (young: 0.9 ± 
2.0 mmHg; old: 3.2 ± 3.9 mmHg), 1-back task (young: 1.3 ± 2.3 mmHg; old: 4.2 ± 5.8 mmHg), 
and 2-back task (young: 3.9 ± 4.5 mmHg; old: 6.1 ± 4.9 mmHg) in comparison to baseline 
measurements. These increases in mean blood pressure did however not significantly 
differ between groups (0-back: F
(1, 27)
 = 3.85, p = .060; 1-back: F
(1, 27)
 = 3.33, p = .079; 2-back: 
F
(1, 27)
 = 1.59, p = .218). Therefore, we conclude that the cerebral hemodynamic differences 
between the groups cannot be explained by systemic changes, but are truly the result of 
aging effects.
Discussion
The present study investigated the effects of aging on activation of the prefrontal cortex, 
by measuring changes of [O
2
Hb], [HHb], and [tHb] during verbal working-memory 
performance. Based on our results it can be hypothesized that young adults were better 
able to keep the prefrontal cortex recruited over time during high working-memory load 
performance. Older adults appear to recruit both hemispheres already at low levels of 
working-memory load, possibly in an attempt to compensate for the observed aging- 
related decline in performance.
 The fNIRS analyses revealed that in both young and older adults prefrontal activation 
increased with rising working-memory load. The results of the young adults are in 
agreement with other fNIRS studies on verbal n-back performance. Hoshi et al.,48 Herrmann 
et al.,49 and Honma et al.50 reported that the degree of increase of [O
2
Hb] and decrease of 
[HHb] showed a positive correlation with working-memory load in young adults. Previous 
fNIRS studies on cognitive aging suggest aging-related decline in prefrontal activity 
during cognitive performance. However, to our knowledge, no fNIRS studies using a 
verbal n-back task in older adults have been published to date. Some fNIRS studies 
indicate reduced prefrontal lateralization in older adults.29,30 Unfortunately, not all previous 
fNIRS studies performed measurements on both hemispheres or performed analyses on 
lateralization effects or reported on these. The results of fMRI and EEG studies on the 
relationship between working-memory load and prefrontal activation are mixed. 
However, a common finding is that older adults show maximum prefrontal activation at 
low working-memory loads and that young adults show increasing prefrontal activation 
up to high working-memory loads.11-14 In our study, the largest prefrontal activity was 
found during 2-back performance for both the young and the older adults.
 Our behavioral results showed that low and high working-memory load resulted in a 
declined accuracy in comparison to the control condition in older adults, while young 
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adults demonstrated the same level of accuracy in all conditions. We consider it unlikely 
that the aging-related differences in prefrontal activation are related to task difficulty in 
general. Barch et al.38 found that the dorsolateral prefrontal cortex is specifically involved 
in working-memory function, and that this area is not responsive to task difficulty. 
Moreover, in the present study, accuracy during 2-back performance was on average very 
high in both groups. This suggests that working-memory capacity was not exceeded in 
either of the groups. Furthermore, we found a consistent difference in reaction time 
between the young adults and elderly, which is in line with the notion that many aspects 
of information processing become less efficient with increasing age.33 In both groups, 
reaction times slowed with increasing load. Taken together, our results provide a reliable 
estimate of the relationship between working-memory load and activation of the 
prefrontal cortex.
 The pattern of prefrontal activation differed between the age groups. Older adults 
showed bilateral activity during all conditions, whereas young adults showed slight 
right-hemispheric dominance during 0-back and 1-back performance. These results are in 
agreement with the HAROLD model,34, p. 85 which states that “under similar circumstances, 
prefrontal activity during cognitive performance tends to be less lateralized in older adults 
than in younger adults”. The function of age-related reductions in asymmetry is unclear, 
but different interpretations have been introduced such as the dedifferentiation8 and 
compensation hypotheses.9 Our results are in line with CRUNCH.9 According to CRUNCH, 
activity in cortical regions is upregulated as task load increases, independent of age. Older 
adults however, may need to recruit more cortical regions at lower levels of task demand 
in order to compensate for reduced neural efficiency. In the current study, we found that 
older adults showed bilateral activity already at lower loads. Young adults showed slight 
right-hemispheric dominance at lower loads. At high task load, young adults no longer 
showed a lateralization effect, indicating additional recruitment of the left hemisphere.
 Furthermore, the time-activation curve during high working-memory load performance 
differed between groups; it tended to follow a linear course in young adults and a 
quadratic course in older adults. Maximum and plateau level of activation were reached 
earlier in older adults than in young adults. Possibly, older adults reached the limit of 
available neural resources before the young adults did. Alternatively, performance may 
have become more automatic in older adults. Evidence exists that prefrontal activity 
increases during initial learning and decreases as a task becomes more practiced.51 
However, we consider this explanation less plausible, because an automatic response 
would also have occurred in young adults and especially in high performers.
 The time course of hemoglobin changes during prolonged cognitive activation has 
been assessed by means of fNIRS in children,52 in young adults,53-55 in middle aged adults,24 
and in Alzheimer patients versus older adults.56 However, we are not aware of any other 
fNIRS study that directly compared young and older adults during prolonged cognitive 
activation using the same task.
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 Butti et al.57 provided a detailed description of the time course of the fNIRS parameters 
in the prefrontal cortex of young healthy adults, while they performed a continuous 
performance task for ten minutes. The task elicited a significant change of the fNIRS 
parameters which did not remain constant during the task period. The authors concluded 
that this fluctuation of fNIRS parameters, which was not correlated with behavioral performance, 
is the result of a complex mechanism of coupling and uncoupling between cerebral blood 
flow and cerebral metabolic rate of oxygen. In addition, our study indicates that aging has 
an effect on the time course of [O
2
Hb] and [HHb] changes during sustained activation which 
is possibly the result of changes in neurovascular coupling that accompany aging, although 
we could not establish the relationship between fNIRS parameter change and behavioral 
performance. Neurovascular coupling refers to the relationship between local neural activity 
and subsequent changes in hemodynamic properties of the surrounding vasculature, 
including cerebral blood flow, cerebral blood volume, and cerebral metabolic rate of oxygen. 
The mechanisms that underlie neurovascular coupling are not fully understood. However, 
evidence exists that these mechanisms alter with aging.58 Aging is accompanied by a 
degeneration of the vascular system, probably beginning as early as the fourth decade of 
life.59 Regional cerebral blood flow, for example, decreases with age and vessel stiffness is 
enhanced.60 These phenomena are accompanied by a reduction in the cerebral metabolic 
rate of oxygen.61 Accordingly, fNIRS may be a valuable complementary method to fMRI in 
unraveling the effects of aging on the time course of the hemodynamic response.
 For data analysis it is important to keep the findings of León-Carrión et al.62,63 and Butti 
et al.57 in mind. Their fNIRS studies showed that exposure to stimuli can cause prefrontal 
activation lasting long after stimuli cessation and may even induce more robust prefrontal 
activation after than during the task period. In several fNIRS studies, the mean of a pre- 
and post-task baseline was calculated to exclude slow drift during the task period by 
means of a linear fitting procedure. An overshoot of [O
2
Hb] during the post-task period 
might lead to an overestimation of drift, resulting in an underestimation of the genuine 
effects. In our study, we also found a substantial overshoot of [O
2
Hb] in both young and 
older adults after task cessation (data not reported). Therefore, we argue for an analysis 
procedure that does not incorporate post-task baseline activation.
 Finally, we recognize some limitations of our study. Since we only monitored activation 
of the prefrontal cortex, we cannot rule out the possibility that other brain regions were 
under- or overactivated in older adults in comparison to young adults. We cannot 
determine whether bilateral brain activity leads to improved performance or whether an 
underlying mechanism causes both functional brain reorganization and the decrement in 
performance. Further, in our study, we found that effects of [O
2
Hb] were not always 
accompanied by effects of [HHb]. This is in line with the notion that in fNIRS research 
[O
2
Hb] may be a more robust indicator for changes in regional cerebral blood flow, due to 
larger changes in amplitude. Since [HHb] changes are less pronounced, this may have led 
to slightly weaker statistical results.
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 Future fNIRS studies on cognitive aging should consider the relationship between 
performance level and prefrontal activation patterns during working-memory performance. 
For example, groups should be divided into low and high performers, or accuracy can be 
correlated with prefrontal signal change. Recently, this relationship has been considered in 
fMRI studies.12,13,15,64 In both young and older adults, differences in prefrontal activation 
patterns between high and low performers were found. It is suggested that in comparison 
to low performers, high performers show increased prefrontal activity under high 
working-memory demands. This might be true for both young and older adults.
 To conclude, in this study we examined the effects of aging on prefrontal activation 
during working-memory performance. The results suggest that young adults are better 
able to keep the prefrontal cortex recruited over time. Older adults may, already at low 
levels of working-memory load, recruit both hemispheres possibly in an attempt to 
compensate for the observed aging-related decline in performance. Also, our study 
indicates that effects of aging on the time course of hemodynamic processes must be 
taken into account in the interpretation of neuroimaging studies that rely on blood 
oxygen levels, such as fMRI.
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Abstract
Older adults show more bilateral prefrontal activation during cognitive performance than 
younger adults, who typically show unilateral activation. This over-recruitment has been 
interpreted as compensation for declining structure and function of the brain. Here we 
examined how the relationship between behavioral performance and prefrontal 
activation is modulated by different levels of working-memory load. Eighteen healthy 
older adults (70.8 ± 5.0 years; MMSE 29.3 ± 0.9) performed a spatial working-memory task 
(n-back). Oxygenated ([O
2
Hb]) and deoxygenated ([HHb]) hemoglobin concentration 
changes were registered by two functional Near-Infrared Spectroscopy (fNIRS) channels 
located over the left and right prefrontal cortex. Increased working-memory load resulted 
in worse performance compared to the control condition. [O
2
Hb] increased with rising 
working-memory load in both fNIRS channels. Based on the performance in the high 
working-memory load condition, the group was divided into low and high performers. 
A significant interaction effect of performance level and hemisphere on [O
2
Hb] increase 
was found, indicating that high performers were better able to keep the right prefrontal 
cortex engaged under high cognitive demand. Furthermore, in the low performers group, 
individuals with a larger decline in task performance from the control to the high 
working-memory load condition had a larger bilateral increase of [O
2
Hb]. The high 
performers did not show a correlation between performance decline and working-memory 
load related prefrontal activation changes. Thus, additional bilateral prefrontal activation 
in low performers did not necessarily result in better cognitive performance. Our study 
showed that bilateral prefrontal activation may not always be successfully compensatory. 
Individual behavioral performance should be taken into account to be able to distinguish 
successful and unsuccessful compensation or declined neural efficiency.
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Introduction
Studies on the cognitive neuroscience of aging have reliably revealed age-related 
differences in brain activation during cognitive task performance (for reviews, see 1-4). Two 
patterns of age-related differences in brain activation have been consistently reported. 
The first is an age-related reduction in occipitotemporal activation together with an 
age-related increase in activation of the prefrontal cortex. This has been called the ‘poste-
rior-anterior shift in aging’ (PASA).5,6 The second is a more bilateral pattern of prefrontal 
activation in older adults on tasks for which young adults typically show unilateral 
activation. This pattern has been referred to as Hemispheric Asymmetry Reduction in 
OLDer adults (HAROLD).7 Age-related over-recruitment of the prefrontal cortex has been 
observed across several cognitive domains such as perception, attention, memory 
encoding and retrieval, and executive functioning, but most extensively for working 
memory and inhibitory control tasks.3
 Over-recruitment of the prefrontal cortex in older adults has been interpreted as a 
compensatory mechanism that can aid cognitive performance.7 The traditional cognitive 
aging theories, such as the sensory deficit theory,8 resources deficit theory,9 speed deficit 
theory,10 and inhibition deficit theory11 were developed to explain age-related differences 
in behavioral performance, but did not always incorporate assumptions regarding 
age-related differences in brain activation. Dennis and Cabeza12 expanded these traditional 
theories with additional assumptions regarding brain correlates of relevant cognitive 
processes and regarding compensatory mechanisms. They concluded that these theories 
are consistent with the notion of compensation and with evidence from functional 
neuroimaging studies. Alternatively, age-related prefrontal over-recruitment may reflect 
less efficient use of neural resources or a less selective recruitment of brain areas, also 
known as dedifferentiation, which might not necessarily lead to better task performance.13 
Although there is support for both alternatives, most neuroimaging results are consistent 
with the compensation account rather than the dedifferentiation account.1,3
 Meta-analysis of performance-related prefrontal activation across cognitive domains 
revealed that when performance was equivalent in young and older adults, young adults 
showed stronger activity in the left ventrolateral prefrontal cortex, whereas older adults 
showed stronger activity in the left dorsolateral prefrontal cortex. When performance was 
not equivalent, worse performing older adults showed stronger recruitment of the right 
dorsolateral prefrontal cortex and right rostrolateral prefrontal cortex.3 The meta-analytic 
review by Turner and Spreng4 provided evidence that patterns of age-related functional 
brain change are dissociable for two of the most frequently studied executive processes: 
inhibition and working memory. During inhibitory control tasks, older adults engaged 
brain regions commonly recruited in younger adults, but to a larger extent. In contrast, 
during working-memory performance, older adults showed stronger recruitment of both 
left and right dorsolateral prefrontal cortex than younger adults. These results were 
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consistent with previous studies on working memory reporting larger and less lateralized 
recruitment of the dorsolateral prefrontal cortex.14,15 Due to lack of sufficient statistical 
power, the relationship between performance differences and prefrontal activation 
patterns could unfortunately not be examined in the meta-analytic review by Turner and 
Spreng.4
 An unresolved issue is how over-recruitment of the prefrontal cortex is associated 
with the variation of cognitive performance levels among older adults. The review by 
Eyler et al.1 focused on the association between functional response and cognitive 
performance in healthy young and older adults. Of the 74 reviewed studies that examined 
the relation between prefrontal activation and cognitive performance, 35 % found a 
positive correlation, 18 % found a negative correlation, 16 % found mixed results and 31 % 
did not find a significant correlation. Of the 29 studies that were consistent with HAROLD 
and/ or PASA patterns, 34 % found a positive correlation between prefrontal activation 
and cognitive performance, whereas 27 % found a negative correlation. Although these 
results suggest that increased prefrontal activation might be beneficial rather than 
detrimental at older age, clearly more work is needed to unravel the brain-behavior 
correlations at older age.
 The aim of the present study is to gain more insight into the role of over-recruitment 
of the prefrontal cortex in older adults during working-memory performance. Specifically, 
we examined the relationship between prefrontal activation and behavioral performance 
by comparing high and low performers. The participants performed a spatial working- 
memory task with varying levels of cognitive load while their prefrontal activation was 
measured by functional Near-Infrared Spectroscopy (fNIRS). fNIRS enables monitoring of 
concentration changes of oxygenated hemoglobin ([O
2
Hb]) and deoxygenated hemoglobin 
([HHb]) in the cortex with high temporal resolution. In comparison to fMRI, fNIRS has the 
advantage that it is less expensive, less invasive, less sensitive to movement artifacts, and 
that it is portable. The spatial resolution of fNIRS is however limited.16,17 The majority of 
neuroimaging studies investigating the brain-behavior relationship in older adults 
assessed cognitive performance by accuracy, followed by reaction time.1 In the current 
study, cognitive performance was assessed by a composite score of these measures to 
take speed/ accuracy trade-offs into account and to diminish strategy effects.
 Prefrontal activation is modulated by working-memory load. Previous fMRI studies 
showed that in young as well as older adults, prefrontal activation increases with working- 
memory load up to where the working-memory capacity limit is reached, and then levels 
off or decreases.18,19 In order to explain contrasting evidence of both age-related under- 
recruitment as well as age-related over-recruitment of the prefrontal cortex during 
working-memory performance, Reuter-Lorenz and Cappell20 formulated the Compensation- 
Related Utilization of Neural Circuits Hypothesis (CRUNCH). CRUNCH proposes that, 
irrespective of age, neural engagement varies with the level of task demand; activity in 
cortical regions is upregulated up to a certain level as cognitive load increases. The 
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relationship between cognitive load and brain activation has been described as an 
S-shaped function. The idea behind CRUNCH is that at low levels of cognitive load, older 
adults need to recruit more neural resources than young adults in order to maintain task 
performance, due to less efficient neural processing at older age. At high levels of cognitive 
load, this compensatory mechanism is no longer effective, leading to reduced or 
equivalent activation in older adults in comparison to young adults. Hence, in older adults 
the S-shaped function would be shifted to the left relative to young adults. It has been 
proposed that a similar effect would be observed when low-performing older adults are 
compared to high-performing older adults,2 resulting in a leftward shift of the S-shaped 
curve in low performers relative to high performers. Therefore, in the current study, we 
expected that high-performing older adults would show increasing prefrontal activation 
up to a high level of working-memory load. Furthermore, we hypothesized that low 
performers would reach their working-memory capacity limit sooner than high performers, 
reflected by reduced prefrontal activation in low performers compared to high performers 
at a high level of working-memory load.
Methods
Participants
Eighteen healthy older adults participated in this study. Sample characteristics are shown 
in Table 1. All participants had completed secondary school or higher. Estimated IQ was 
based on assessment of the Dutch equivalent of the National Adult Reading Test.21 None 
of the older adults experienced subjective memory problems, all were living independently 
at home, and all had unimpaired overall cognitive function as assessed with the Mini 
Mental State Examination.22 All participants were right-handed and had normal or correct-
ed-to-normal vision. None of the participants had a history of neurological or psychiatric 
disease, or received psychopharmacological drugs or hormone therapy (self report). Six 
participants used antihypertensive medication. All participants refrained from alcohol, 
caffeine, and nicotine from at least 3 hours before the experimental session. The research 
proposal for the present study was submitted to the regional medical-ethics committee 
(CMO Arnhem-Nijmegen, no. 2009/198), but was deemed exempt from formal medical 
ethical evaluation, because the study does not fall within the remit of the Medical Research 
Involving Human Subjects Act (WMO). All participants gave written informed consent. 
The study was performed according to the Helsinki Declaration.
Experimental procedure
Participants performed three versions of a spatial n-back task (Figure 1): 0-back task 
(control condition), 1-back (low working-memory load), and 2-back task (high working- 
memory load condition). Prior to all conditions, participants practiced the task for one 
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minute and received feedback about their 
performance. The conditions were presented 
in ascending order and were preceded by a 
baseline period of one minute, during which 
a black fixation cross was displayed at the 
center of the 15 inch screen. All conditions 
consisted of 60 trials, 17 of which were target 
trials. In each trial, a square was presented in 
black on a light gray background with a 
presentation time of 500 ms at one of 14 
pre-specified locations on the display. During 
the interstimulus interval of 3000 ms, a 
fixation cross was displayed. During each trial, 
participants indicated whether the stimulus 
was a target by pressing the button under the 
right index finger, or a non-target by pressing 
the button under the right middle finger (PST 
Serial Response Box, Psychology Software 
Tools Inc., PA, USA). Participants were allowed 
to respond until the next stimulus appeared. 
In the 0-back condition, a square at one of the 
four outer corners of the screen was defined 
as target. In the 1-back condition, the target 
was any square that appeared at the same 
location as the square presented one trial 
before, while squares no longer appeared in 
the corners. In the 2-back condition, the 
target was any square that appeared at the 
same location as the square presented two 
trials before. In order to prevent verbalization 
of the locations by the participant, no grid or 
clock configuration of the squares was chosen. 
The experimental procedure lasted around 
20 minutes per participant. To minimize effects 
of fatigue, participants were able to rest a 
couple of minutes between conditions.
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Data acquisition
We used a continuous-wave NIRS device (Oxymon Mk III, Artinis Medical Systems, The 
Netherlands), using light of three wavelengths (765, 857, 859 nm), to monitor concentration 
changes in cortical oxygenated hemoglobin ([O
2
Hb]) and deoxygenated hemoglobin 
([HHb]) with high temporal resolution. The principle behind fNIRS is that near-infrared 
light penetrates the skull and brain and is absorbed by the chromophores O
2
Hb and HHb, 
which have different absorption spectra.16 Assuming constant scattering,23 and by using 
the modified Lambert-Beer Law, it is possible to calculate the concentration changes of 
these chromophores in the penetrated brain tissue based on changes in the detected 
light intensity. Increases in [O
2
Hb] and decreases in [HHb] are indicators of cortical 
activation.
 In the present study, two pairs of optodes were bilaterally attached to the forehead 
and were tightly fixed in a customized headband (Spencer technologies, Seattle, WA). 
The detection optodes were placed 25-30 mm above the midpoint of the eyebrow, at 
approximately FP1 and FP2 according to the international 10-20 electrode system. The 
emission optodes were laterally placed at approximately F7 and F8. The emitter-detector 
spacing was 50 mm to minimize contamination from the extra-cerebral circulation and 
maximize signal intensity. The differential pathlength factor, which accounts for the 
increased distance traveled by light due to scattering, is age-dependent.24 At present, 
however, no data are available on the actual variation of differential pathlength factor in 
adults aged above 50 years. Therefore, it was set to 6.61, corresponding to age 50.24,25
Figure 1  Schematic overview of the spatial n-back task. At the right upper corner of the 
figure, all possible positions of the square are shown. ISI = interstimulus interval.
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Data processing
fNIRS data were analyzed using commercially available software (Oxysoft, Artinis Medical 
Systems, The Netherlands). Movement artifacts were kept to a minimum by instructing 
the participants to refrain from talking, frowning or chewing, to avoid head and body 
movements, and to sit as still as possible during the experiment. A moving average 
window of 1 s was applied to the [O
2
Hb] and [HHb] signals to filter out high-frequency 
noise, including noise of the heart beat frequency. The first three trials (all non-targets) of 
all conditions were excluded from behavioral and fNIRS data analyses to take the delay 
of the hemodynamic response into account and to obtain a stable hemodynamic state. 
The fNIRS signals were biased (set to zero) at the start of the fourth trial of each condition, 
that is 0-back, 1-back and 2-back. Changes of [O
2
Hb] and [HHb] were recalculated for 180 s 
from this point.26 Subsequently, mean relative values of [O
2
Hb] and [HHb] were calculated 
for the whole task period.
 Behavioral performance was assessed by hit rate, correct rejection rate, and reaction 
time on target trials. Composite scores were calculated as [hits (%)/reaction time (ms)×100] 
to take speed/ accuracy trade-offs into account.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics for Windows version 20.0 (IBM 
Corp., Armonk, NY, USA). Alpha was set at .05 for all analyses. Data are presented as mean 
± SD. Shapiro-Wilk tests indicated that assumptions of normality were met. The effects of 
working-memory load on the composite scores were established by a repeated measures 
ANOVA with factor working-memory load (0-,1-,2-back).
 [O
2
Hb] is considered to be a more robust and reproducible fNIRS parameter than 
[HHb].27 Studies have demonstrated that the fMRI BOLD response is more strongly 
correlated with [O
2
Hb] than with [HHb], which may be due to higher signal-to-noise ratio 
in [O
2
Hb].17,28 Therefore, taking into account the small sub-sample size, only [O
2
Hb] changes 
were further statistically analyzed, but results on [HHb] are presented in Figures 2 and 3. 
For [O
2
Hb] changes, a 2 (location: left, right hemisphere) × 3 (load: 0-,1-,2-back) repeated 
measures ANOVA was performed. Based on the composite score for the high 
working-memory load condition, the group was divided by median split into 9 low and 9 
high performers. These two groups did not significantly differ with respect to the variables 
age, years of education, estimated IQ, and MMSE score (see Table 1). Accordingly, a 2 
(group: low, high performers) × 2 (location: left, right hemisphere) × 3 (load: 0-,1-,2-back) 
repeated measures ANOVA was performed. Due to violations of the sphericity assumption, 
Greenhouse-Geisser corrections were applied. Significant main and interaction effects 
were further analyzed by means of planned contrasts. Due to the small sub-sample size, 
effects sizes (partial eta squared; η
p
2) will be reported as well. η
p
2 ranges from 0 to 1 and it 
indicates the proportion of variance in the dependent variable that is attributable to the 
independent variable. An effect size of η
p
2 = 0.01 is considered to be small, η
p
2 = 0.06 
502052-L-bw-Vermeij
57
NEURAL CORRELATES OF WORKING-MEMORY PERFORMANCE IN HEALTHY OLDER ADULTS
3
medium, and η
p
2 = 0.14 large.29 To establish the relationship between working-memory 
load related changes of composite scores and [O
2
Hb] changes, Pearson correlation 
coefficients (2-tailed) were calculated, corrected for age and years of education.
Results
Behavioral performance
Table 2 shows the behavioral results of the older adults during performance of the n-back 
tasks. Increased working-memory load led to a declined hit rate (F
(1.48, 25.14) 
= 6.91, p = .008; 
0- vs. 1-back p = .064; 0- vs. 2-back p = .001; 1- vs. 2-back p = .088), and a declined correct 
rejection rate (F
(1.19, 20.19) 
= 19.35, p < .001; 0- vs. 1-back p = .033; 0- vs. 2-back p < .001; 1- vs. 
2-back p = .001). Also, in comparison with the control condition, both low and high 
working-memory load led to increased reaction times on target and non-target trials (all 
p-values < .001). Furthermore, composite scores were negatively affected by load (F
(2, 34) 
= 
30.63, p < .001; 0- vs. 1-back p = .001; 0- vs. 2-back p < .001; 1- vs. 2-back p = .001).
 Investigating the high and low performers separately, both groups showed a 
significantly decreased correct rejection rate, increased reaction times on targets and 
non-targets, and a decreased composite score with increased working-memory load (all 
p-values < .05). Hit rate declined in low performers (p = .011), but not in high performers 
(p = .261). Table 2 shows the statistically significant group differences on the behavioral 
parameters.
fNIRS results – overall group
Figure 2 displays the mean [O
2
Hb] changes for the 1-back minus 0-back contrast, 2-back 
minus 0-back contrast, and 2-back minus 1-back contrast. Whole-group analysis revealed 
a significant main effect of load (F
(2,34) 
= 7.99, p = .001, η
p
2 = 0.320; 0- vs. 1-back p = .039, 
η
p
2 = 0.226; 0- vs. 2-back p = .002, η
p
2 = 0.443), with a trend for 1- vs. 2-back (p = .063, 
η
p
2 = 0.189). No significant effects were found for the factor location, or the location × load 
interaction, indicating bilateral activation during task performance. Further analysis 
confirmed a load effect in both the left fNIRS channel (F
(2,34) 
= 6.41, p = .004, η
p
2 = 0.274; 
0- vs. 1-back, p = .050 η
p
2 = 0.208; 0- vs. 2-back p = .007, η
p
2 = 0.352) and the right fNIRS 
channel (F
(2,34) 
= 8.02, p = .001, η
p
2 = 0.321; 0- vs. 1-back p = .048, η
p
2 = 0.212; 0- vs. 2-back 
p = .001, η
p
2 = 0.482). Trends were found for 1- vs. 2-back (Left: p = .069, η
p
2 = 0.182; Right: 
p = .080, η
p
2 = 0.170).
fNIRS results – low and high performers
A large effect size was found for the significant interaction of group × location × load (F
(2,32) 
= 3.55, p = .041, η
p
2 = 0.182). The interaction of group × location showed a trend towards 
significance and a large effect size (F
(1,16) 
= 3.70, p = .073, η
p
2 = 0.188). These results indicate 
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Figure 2  Hemodynamic concentration changes in the total sample of older adults. Mean 
(± SEM) changes of [O
2
Hb] and [HHb] in the left and right hemisphere for the spatial 1-back 
minus 0-back contrast (A), 2-back minus 0-back contrast (B), and 2-back minus 1-back 
contrast (C).
Figure 3  Hemodynamic concentration changes in low and high performers. Mean (± SEM) 
changes of [O
2
Hb] and [HHb] for the spatial 1-back minus 0-back contrast, 2-back minus 
0-back contrast, and 2-back minus 1-back contrast. (A), (B) and (C) display the results for low 
performers. (D), (E) and (F) display the results for high performers.
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group differences in prefrontal activation that may not be consistent across tasks and 
hemispheres.
 The interaction of group × location was further analyzed for each individual condition. 
For the 0-back task and 1-back task, no significant effects of group, location, or group × 
location were found, indicating bilateral activation in both groups. For the 2-back task, 
analyses revealed a significant group × location interaction with a large effect size (F
(1,16) 
= 
6.27, p = .023, η
p
2 = 0.282). No significant main effects of location or group were found. 
Further group comparisons however, showed a large effect size for the right fNIRS channel 
(F
(1,16) 
= 2.72, p = .119, η
p
2 = 0.145), which may suggest stronger activation in the high 
performers than in the low performers during 2-back performance. Furthermore, the 
effect of location showed a trend towards significance with a large effect size in low 
performers, indicating lower activation in the right hemisphere compared to the left 
hemisphere (F
(1,8) 
= 4.00, p = .080, η
p
2 = 0.333). In high performers, no significant effect of 
location was found, but the large effect size may suggest stronger activation in the right 
hemisphere compared to the left hemisphere during performance of the 2-back task 
(F
(1,8) 
= 2.36, p = .163, η
p
2 = 0.227).
 The effects of load were analyzed for low- and high-performing elderly separately. 
Figure 3 shows the mean [O
2
Hb] changes for the 1-back minus 0-back contrast, 2-back 
minus 0-back contrast, and 2-back minus 1-back contrast for both groups. In high 
performers, significant load effects with a large effect size were found for the left fNIRS 
channel (F
(2,16) 
= 3.77, p = .046, η
p
2 = 0.320; 0- vs. 1-back p = .049, η
p
2 = 0.401; 0- vs. 2-back 
p = .028, η
p
2 = 0.475; 1- vs. 2-back p = .467, η
p
2 = 0.068) and for the right fNIRS channel 
(F
(2,16) 
= 7.86, p = .004, η
p
2 = 0.495; 0- vs. 1-back p = .060, η
p
2 = 0.374; 0- vs. 2-back p = .002, 
η
p
2 = 0.723; 1- vs. 2-back p = .200, η
p
2 = 0.196). In low performers, the effects of load were 
not statistically significant, but large effect sizes were found for the left fNIRS channel 
(F
(2,16) 
= 3.05, p = .075, η
p
2 = 0.276; 0- vs. 1-back p = .444, η
p
2 = 0.075; 0- vs. 2-back p = .102, 
η
p
2 = 0.299; 1- vs. 2-back p = .088, η
p
2 = 0.320) and for the right fNIRS channel (F
(2,16) 
= 1.73, 
p = .209, η
p
2 = 0.178; 0- vs. 1-back p = .517, η
p
2 = 0.054; 0- vs. 2-back p = .138, η
p
2 = 0.254; 1- vs. 
2-back p = .273, η
p
2 = 0.147).
Relation behavioral performance and fNIRS
Figure 4 displays scatterplots illustrating the relationships between cognitive load-induced 
changes in composite score and [O
2
Hb]. Whole-group analysis demonstrated that 
individuals with a larger decline in composite score from the 0-back to the 2-back 
condition had a larger increase of [O
2
Hb] in the left fNIRS channel between these 
conditions (Left: r = -.504, p = .046; Right: r = -.158, p = .559). Individuals with a larger 
decline in composite score from the 1-back to the 2-back condition showed a larger 
increase of [O
2
Hb] in the left fNIRS channel (Left: r = -.503, p = .047; Right: r = -.427, p = .099).
 Within the low performers group, individuals with a larger decline in composite score 
from the 0-back to the 2-back condition had a larger bilateral increase of [O
2
Hb] between 
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these conditions (Left: r = -.803, p = .030; Right: r = -.872, p = .010). Furthermore, low 
performers with a larger decline in composite score from the 1-back to the 2-back 
condition showed a larger increase of [O
2
Hb] in the left fNIRS channel (Left: r = -.856, 
p = .014; Right: r = -.577, p = .175). For the high performers group, no significant correlations 
were found between load-related changes in behavioral performance and hemodynamic 
changes (2- back minus 0-back: Left: r = .204, p = .661; Right: r = .102, p = .827; 2-back minus 
1-back: Left: r = .074, p = .875; Right: r = -.110, p = .814).
Figure 4  Correlation of ΔComposite score and Δ[O
2
Hb] in low and high performers. (A) and 
(B) show the 2-back minus 0-back contrast. (C) and (D) show the 2-back minus 1-back 
contrast.
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Discussion
In the present study, fNIRS was used to investigate possibly compensatory brain-behavior 
mechanisms at older age, by assessing prefrontal activation in low- and high-performing 
older adults during spatial working-memory performance. As expected, increased 
working-memory load led to increased prefrontal activation and decreased behavioral 
performance. Results revealed an interaction between performance level and hemispheric 
activation, which suggests stronger right prefrontal activation in high performers in 
comparison to low performers under high cognitive demand. Furthermore, in low 
performers, a larger decline in task performance with increasing working-memory load 
condition was associated with a larger bilateral upregulation of prefrontal activation. In 
high performers, no correlation between behavioral performance and prefrontal 
activation was found. Taken together, these results support the view that prefrontal 
activation may not only be modulated by working-memory load, but may also be related 
to performance level.
 Whole-group analysis revealed an upregulation of left and right prefrontal activation 
with increasing spatial working-memory load. This pattern of bilateral recruitment is in 
accordance with the HAROLD model.7 Previous neuroimaging studies in the visual-spatial 
working-memory domain,30-33 and the verbal working-memory domain18,34-38 have shown 
sensitivity of prefrontal activation to task demand in older adults. However, the shape of 
the dose-response curve varies among studies; in the current study we found an increase 
of prefrontal activation up to 2-back in our study, while, for example, Mattay et al.18 found 
a consistent decrease with load in their n-back study, and Heinzel et al.39 found a tendency 
towards an inverted U-shape. This variation may depend on factors such as task design, 
population and task difficulty.40 These findings emphasize the need to take behavioral 
performance level into account when interpreting and comparing neuroimaging data.
 In the current study, activation patterns of high and low performers were compared. 
We found a significant interaction between performance level and hemispheric activation, 
indicating that high performers more strongly activated the right prefrontal cortex under 
high working-memory load than low performers did. Direct comparison of left and right 
hemispheric activation within each group did not result in significant differences, but the 
large effect sizes may suggest that low performers show decreased activation in the right 
hemisphere in comparison to the left hemisphere under high cognitive demand, while 
the opposite pattern was found in high performers. These performance-specific findings 
may indicate that the commonly observed bilateral prefrontal activation pattern, which 
we also found in our whole-group analysis, may in fact obscure the heterogeneity in 
activation patterns in older adults and may lead to invalid generalizations.
 A prior study by Nagel et al.31 on the hemodynamic response to a spatial working- 
memory challenge found that the dose-response curves of high-performing older adults 
resembled those of young adults in most investigated regions of interest, showing an 
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increase of activation with load. In contrast, low-performing older adults showed a drop 
in activation at the highest level of working-memory load. The interaction between 
performance level and load was present in right dorsolateral prefrontal cortex, but not in 
the left dorsolateral prefrontal cortex. Sala-Llonch et al.37 demonstrated that high-per-
forming older adults showed stronger activation of the right inferior gyrus than 
low-performing older adults during performance of a verbal 2-back task. In comparison to 
young adults, high-performing older adults showed increased bilateral frontal activation 
and increased connectivity in the right frontoparietal task-related network. Moreover, 
high performers recruited frontal areas involved in the default network, indicating that 
recruitment of task-unrelated resources might be part of a successful compensatory 
mechanism of the aging brain. These results in combination with our findings suggest 
that recruitment of the right prefrontal cortex may be beneficial for working-memory 
performance in older adults.
 We further explored the brain-behavior relationship and found that low performers 
who demonstrated a larger load-induced decline in behavioral performance showed a 
larger load-induced increase in bilateral prefrontal activation. In high performers, we did 
not find an association between behavioral performance and prefrontal activation. The 
lack of significant correlations may be due to the limited range of accuracy scores. 
Although behavioral performance significantly declined with increasing load in this group, 
performance was on average very high. Alternatively, the sub-sample size may not have 
been large enough to detect significant associations, which is a limitation of this study.
 Previous neuroimaging studies on working-memory performance in older adults 
showed mixed results on brain-behavior correlations. Nagel et al.41 found that BOLD signal 
changes, induced by increasing verbal working-memory load, were positively correlated 
with accuracy scores during 3-back performance in the left and right premotor cortex and 
right posterior parietal cortex, and, at trend level, in the left and right dorsolateral prefrontal 
cortex. Podell et al.42 reported that caudate activation was associated with improved 
accuracy on a working-memory task, and that ventrolateral prefrontal activation was 
associated with shorter reaction times. Nagel et al.31 reported a positive correlation 
between BOLD signal changes in the left premotor cortex and accuracy scores on a spatial 
working-memory load task. Furthermore, Toepper et al.33 showed that activation in the 
left dorsolateral prefrontal cortex was positively correlated with the numbers of errors at a 
low level of spatial working-memory load. No significant correlations were found for 
higher levels of working-memory load. Several other studies however, failed to find work-
ing-memory-related brain-behavior correlations in older adults, possibly in part due to 
near-ceiling accuracy levels.30,34,43,44 Since we were able to establish significant correlations 
in a relatively small sub-sample, we argue that the fNIRS [O
2
Hb] signal might be a more 
sensitive parameter for detecting brain-behavior associations than the fMRI BOLD signal.
 Since our aim was to gain insight into the possibly compensatory brain-behavior 
mechanisms at older age, we did not include a group of young adults to examine 
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age-related changes in prefrontal activation. However, our results may be congruent with 
the CRUNCH hypothesis that prefrontal over-recruitment may reflect an age-invariant 
compensatory mechanism.45 A significant interaction of performance level and hemispheric 
activation indicated that high performers were better able than the low performers to 
keep the right prefrontal cortex engaged at high working-memory load. Low performers 
may have reached the limit of available neural resources, while high performers may have 
been able to recruit more neural resources. Hence, recruitment of the right prefrontal 
cortex might contribute to successful working-memory performance in older adults.37 In 
contrast, the negative correlation between load-induced changes in activation and 
performance that was observed in low performers may point towards declined neural 
efficiency or unsuccessful compensation rather than successful compensation.46
 The term ‘compensation’ has been under debate. According to some researchers, 
compensation reflects the recruitment by older adults of the same brain regions that are 
recruited by young adults in response to increasing task demand. Older adults may need 
to recruit these resources at lower levels of task demand, but the cognitive operations that 
contribute to task performance are age invariant.34,45 According to other researchers, the 
term ‘compensation’ should only be used in case older adults show recruitment of brain 
regions that are not recruited by younger adults. Moreover, engagement of these regions 
should be directly correlated to a better performance in older adults, but not be related to 
the performance in younger adults.47 Since we only measured activation in the prefrontal 
cortex, with limited spatial resolution, we are not be able to evaluate whether or not the 
older adults showed a reorganization of neurocognitive networks. However, in previous 
studies we observed cognitive load-dependent activation in the same brain region in a 
group of younger adults.38,48 This would support the age-invariant view of compensatory 
recruitment. 
 Another limitation in this study was that the order of conditions was ascending 
(0-back, 1-back, 2-back), as is common in neuropsychological assessment of working- 
memory span, instead of counterbalanced. Given the finding that prefrontal activation 
increased with load, we consider it unlikely that the order of presentation may have 
confounded the results.
 Examination of the relationship between possibly compensatory brain activation and 
behavioral outcomes may provide starting points for the development and evaluation of 
cognitive training programs. Heinzel et al.39 reported that the BOLD response pattern and 
accuracy during n-back performance were predictive of behavioral training gain in older 
adults. Future research should aim to establish the plasticity of prefrontal compensatory 
mechanisms, by studying healthy older adults as well as those who are in a preclinical 
stage of dementia. Cognitive training programs are attractive, especially to those who 
suffer from cognitive problems, but to date it is unknown how interindividual 
neurocognitive differences contribute to training success.
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 To conclude, we observed performance-related differences in prefrontal activation in 
older adults during working-memory performance. Additional recruitment of the right 
prefrontal cortex may be beneficial for performance when task demands are high. 
However, an increase in bilateral prefrontal activation with cognitive load may not always 
be compensatory. Therefore, for the interpretation of neuroimaging data, individual 
behavioral performance should be taken into account to be able to distinguish successful 
and unsuccessful compensation or declined neural efficiency.
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Abstract
Working memory (WM) is one of the cognitive functions that is susceptible to aging-related 
decline. Interventions that are able to improve WM functioning at older age are thus 
highly relevant. In this pilot study, we explored the transfer effects of core WM training on 
the WM domain and other cognitive domains in 23 healthy older adults and 18 patients 
with amnestic mild cognitive impairment (MCI). Performance on neuropsychological tests 
was assessed before and after completion of the online five-week adaptive WM training, 
and after a three-month follow-up period. After training, both groups improved on the 
Digit Span and Spatial Span, gains that were maintained at follow-up. At an individual 
level, a limited number of participants showed reliable training gain. Healthy older adults, 
and to a lesser extent MCI patients, additionally improved on figural fluency at group level, 
but not at individual level. Results furthermore showed that global brain atrophy and 
hippocampal atrophy, as assessed by MRI, may negatively affect training outcome. Our 
study examined core WM training, showing gains on trained and untrained tasks within 
the WM domain, but no broad generalization to other cognitive domains. More research 
is needed to evaluate the clinical relevance of these findings and to identify participant 
characteristics that are predictive of training gain.
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Introduction
Mild cognitive impairment (MCI) refers to a clinical condition that is characterized by 
cognitive decline which exceeds that of normal aging, in the absence of impaired daily 
functioning and dementia.1 The amnestic subtype of MCI is considered as a prodromal stage 
of Alzheimer’s disease, especially if positive biomarkers are present, such as medial temporal 
lobe atrophy or cerebrospinal fluid abnormalities.2 Currently, no effective pharmacological 
treatment is available for patients with MCI,3 but non-pharmacological interventions, such 
as physical and cognitive interventions, have attracted a lot of attention.4 Cognitive 
interventions include, for example, memory strategy training, computerized training, 
 psychoeducation on memory or lifestyle, and multifactorial interventions. Recently, 
neuroimaging studies have shown changed brain activation patterns and increased 
connectivity between brain regions after cognitive training in MCI patients,5-8 providing 
evidence for retained brain plasticity in this population. Cognitive training during the 
prodromal stage may therefore potentially improve cognitive functioning, and prevent 
or delay onset of Alzheimer’s disease.
 Since memory impairment is the key feature in amnestic MCI, most cognitive interventions 
have focused on improvement of episodic memory or cognitive functioning in general.9 
Due to the large heterogeneity across studies with respect to type and content of 
cognitive intervention programs, and outcome measures, evidence on which intervention 
program is most effective in MCI is currently lacking (for reviews, see 9-12). Nevertheless, 
cognitive training has been found to result in small to moderate improvements in various 
measures of objective cognitive functioning and to benefit self-rated cognitive 
functioning. These improvements may, however, be specific to the trained cognitive 
domain and there is a lack of evidence for transfer to non-trained cognitive skills and daily 
life functioning.10,11 In addition, evidence suggests that multi-domain cognitive exercise 
leads to larger benefits on memory outcome measures than memory strategy training,11 
possibly due to the limited ability of older adults to apply learned strategies to everyday 
memory tasks.13 Some studies suggest that the training effects can be maintained for 
several months, but the long-term effect of cognitive training in MCI is still under debate.
 Recently, a growing number of studies in the field of cognitive aging have focused on 
improving working-memory (WM) capacity through training in older adults without a 
clinical diagnosis. WM capacity refers to the ability to maintain and manipulate information 
over a short period of time and has been shown to be involved in a wide range of complex 
cognitive functions, such as reasoning and problem solving, language comprehension, 
spatial thinking, mental arithmetic and fluid intelligence.14-16 Both verbal and visuospatial 
WM processes are sensitive to normal aging-related decline.17,18 Although amnestic MCI is 
primarily characterized by episodic memory deficits, there is also evidence for WM deficits 
in MCI patients, especially on WM tasks in which the cognitive load is high or in which 
information has to be integrated (e.g.,19-22). Furthermore, WM functioning has been found 
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to be predictive of conversion from MCI to dementia; predictive accuracy increases if not 
only episodic memory performance is taken into account, but also executive functioning 
including WM performance.23,24 Given the central role of WM capacity in cognition, a 
cognitive process-based training approach, which specifically aims to improve WM 
capacity in both healthy older adults and amnestic MCI patients, may be a promising and 
relevant alternative to memory strategy-based training approaches.
 Studies examining core WM training effects in healthy older adults consistently report 
training gains on the trained tasks, referred to as ‘criterion tasks’. However, these studies 
have delivered mixed results with respect to transfer to other cognitive domains. No 
transfer effects were observed by Dahlin et al.25,26 The vast majority found training gains 
on non-trained tasks that were similar to the trained tasks, that is, ‘near-transfer’ to the WM 
domain or short-term memory domain.27-30 However, a number of studies reported gains 
on some, but not all examined near-transfer tasks.31-36 Results on training gains on tasks 
that assess other cognitive abilities, referred to as ‘far-transfer tasks’, are inconclusive. 
Far-transfer training gains were found by Borella et al.,27,31 Brehmer et al.,28,32 Buschkuehl et 
al.,33 Carretti et al.,29 Richmond et al.35 and Zinke et al.36. However, the majority of studies 
either fail to find far-transfer effects, or report gains for some, but not all investigated 
far-transfer tasks. Some studies examined maintenance of training effects, but the 
follow-up period varied from three to 18 months. A detailed description of transfer and 
maintenance effects of WM training studies in healthy older adults is provided by Borella 
et al.37.
 To date, there is a lack of studies investigating the effects of core WM training in MCI 
patients. Recently, Carretti et al.38 assessed the effects of a verbal WM training procedure 
that was developed by Borella et al.27. After training, the experimental group, which 
consisted of ten amnestic MCI patients, showed larger training gains with respect to the 
criterion WM task and fluid intelligence (far-transfer) task than the active control group. No 
other near-transfer or far-transfer effects were found. However, when individual training 
gain was taken into account by calculating the percentage of participants who showed an 
improvement of at least one standard deviation with respect to the mean baseline 
performance, it was found that a substantially larger part of the experimental group 
showed improved performance of visuospatial WM, episodic memory and fluid 
intelligence tasks in comparison to the control group. To conclude, the study of Carretti et 
al.38 provides evidence that amnestic MCI patients may benefit from core WM training. 
Since this study did not include a group of healthy older adults, or a follow-up session, it 
could not be determined whether training gain, the extent of transfer to other cognitive 
domains, and maintenance effects in amnestic MCI patients are comparable to healthy 
older adults, or may be more limited.
 To fill this gap in knowledge, the primary aim of our study was to investigate transfer 
effects of adaptive core WM training, both in healthy older adults and amnestic MCI 
patients. Participants received five weeks of intensive computerized training, based on a 
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training procedure developed by Klingberg et al.39,40. The training consisted of both verbal 
and visuospatial WM tasks. Barnes et al.41 have previously shown that intensive 
computerized cognitive training is feasible in MCI patients. We hypothesized that both 
groups would benefit from WM training, showing near-transfer effects to non-trained WM 
tasks, far-transfer effects to other cognitive domains, and maintenance of these effects 
after a three-month follow-up period. The groups were compared and, based on the 
literature (e.g.,9,38), the effects were expected to be more limited in amnestic MCI patients.
 Transfer effects may occur if the trained tasks and transfer tasks engage overlapping 
cognitive processing components and neural networks (e.g.,25,40,42). Brehmer et al.32 
adopted a WM training program similar to the one used in the current study (although the 
training sessions of the current study included more exercises), and assessed the neural 
correlates of training gain in healthy older adults. After training, the trained group showed 
decreased activity in frontal, temporal and occipital regions during performance of a high 
demanding WM task, indicating increased neural efficiency. Furthermore, the extent of 
training gain was related to decreases of activity in a widespread network of neocortical 
areas as well as increases of activity in subcortical areas and a middle frontal region. Hence, 
the study of Brehmer et al.32 provides evidence that the training program utilized in the 
current study may induce plasticity of the memory-attention network in older adults.
 In order to establish the effectiveness of cognitive training, it is also relevant to identify 
factors that may be predictive of training gain. Therefore, the secondary aim of our study 
was to investigate the relationship between training gain and measures of brain atrophy. 
Normal aging is accompanied with structural brain changes, such as decreased brain 
volume and declined white matter integrity. Studies in older adults have shown that 
cognitive training may result in structural changes, such as increased gray matter volume, 
increased cortical thickness, and increased white matter integrity.43 Severity of structural 
decline may however affect structural plasticity and training outcome. Global atrophy, 
hippocampal atrophy, and to a lesser extent white matter lesions have been shown to be 
associated with cognitive impairments in memory clinic patients.44 Therefore, structural 
MRI scans were collected in the current study to explore potential relationships between 
training gain and these measures of structural decline. We hypothesized that more severe 
global atrophy, hippocampal atrophy, and white matter lesions may be negatively 
associated with training gain.
Methods
Participants
Participants without cognitive deficit (healthy older adults) were recruited from local 
community centers and an information market organized by the Radboud Alzheimer 
Center at Nijmegen, the Netherlands. MCI patients were recruited from the memory 
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clinics of the Radboud University Medical Center in Nijmegen, the Netherlands, and the 
Jeroen Bosch hospital in ’s-Hertogenbosch, the Netherlands. MCI patients fulfilled the 
criteria of Petersen45 for amnestic single domain MCI or amnestic multiple domain MCI. 
Diagnosis was determined using a multidisciplinary approach, including medical 
examination, medical history, neuropsychological assessment, and/ or neuroradiological 
evidence. All participants were living independently at home and had access to a 
computer with internet connection. None of the healthy older adults had a history of 
neurological or psychiatric disease. At inclusion, overall cognitive functioning was assessed 
by the Mini Mental State Examination (MMSE).46 Participants were excluded if they scored 
below the established MMSE cutoff scores, 47 which was set to < 27 for healthy older adults 
and < 23 for MCI patients.
 Twenty-five healthy older adults and 22 MCI patients were included for participation 
in this study. After baseline measurements, five participants withdrew from the study due 
to lack of time (N = 1), lack of motivation (N = 1), conversion to Alzheimer’s disease (N = 1), 
or illness unrelated to the MCI diagnosis (N= 2). In addition, one healthy control was 
excluded from analysis based on medical history. The final study sample consisted of 23 
healthy older adults and 18 MCI patients. Sample characteristics at baseline are shown in 
Table 1. Estimated verbal IQ was based on assessment of the Dutch equivalent of the 
National Adult Reading Test.48 The groups did not differ in age, years of education, 
estimated IQ, or body mass index (all p-values > .05). MCI patients showed a significantly 
lower MMSE score than healthy older adults (t
(22.02)
 = 3.84, p = .001).
 The study was approved by the local ethics committee (CMO Arnhem-Nijmegen, no. 
2012/291). All participants gave written informed consent. The study was performed 
according to the Helsinki Declaration.
Materials and procedure
Design of the study
At baseline, a set of neuropsychological tests was administered at the memory clinic of 
the Radboud University Medical Center in Nijmegen to all participants. During the same 
week, participants were visited at their homes, where the WM training procedure was 
explained by a coach. Participants performed the sessions of the five-week training on 
their own computer. Of the final sample, all participants completed all 25 training sessions. 
During the week after completion of the training, and after a three-month follow-up 
period, participants returned to the memory clinic for neuropsychological testing, which 
was similar to baseline assessment, using parallel versions for specific tests. At follow-up, a 
structural MRI scan of the brain was made in addition.
Cognitive assessment at baseline, after training, and during follow-up
The neuropsychological tests included near-transfer working-memory tasks, that is 
WAIS-III Digit Span forward and backward49 and WMS-III Spatial Span forward and 
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backward.50 Furthermore, far-transfer tasks included the Dutch equivalent of the Rey 
Auditory Verbal Learning Test (RAVLT),51 the Stroop Color-Word Task (SCWT),52 and the Ruff 
Figural Fluency Test (RFFT).53 The order of three parallel versions of the episodic memory 
task RAVLT was pseudo-randomized over the assessments; each participant received each 
version once. SCWT interference was calculated as: seconds needed to complete subtask 
three – (seconds needed to complete subtask one + seconds needed to complete subtask 
two) / 2. For the figural fluency task RFFT, the total number of unique patterns over the five 
parts of the test was registered, as well as the total number of errors, and the error ratio. In 
addition, participants completed the Cognitive Failures Questionnaire (CFQ);54 a self-rating 
scale for experienced cognitive problems in daily life comprising four subscales Absent-
mindedness, Social Interactions, Names and Words, and Orientation. A lower CFQ score 
corresponds to more reported everyday memory complaints.
WM training program
To train WM, a commercially available computerized WM training program (Cogmed® QM, 
Pearson Education, Inc.) was used in this study. The WM training consisted of 25 training 
sessions of approximately 45 minutes, which had to be completed within five weeks. 
Participants trained five times per week. The training program consisted of twelve 
visuospatial WM tasks (recall a series of locations presented in a 4 × 4 grid, rotating 4 × 4 
grid, 3D grid, rotating cube, rotating circle, in serial order; recall the order in which moving 
objects lit up; recall and sort numbers in a 4 × 4 grid; recall the order of presented circles 
and respond within a certain time frame) and verbal WM tasks (recall a series of verbally 
presented numbers and hidden numbers in reverse order; recall a series of verbally 
presented letters; recall verbally presented letters and their location). For each session, 
eight tasks were selected according to a predetermined order. Task difficulty level was 
adjusted to the performance level of the individual participant on a trial-to-trial basis by 
increasing or decreasing the number of items the participant had to remember such that 
the participant would reach a score of 60 % correct on each task. Such a procedure ensures 
that the training remains cognitively challenging and that the participant may optimally 
benefit from the training. Task difficulty level of the new session was based on the 
achievement levels of the participant during the previous session. Participants were 
encouraged to perform eight tasks in a row, with only short breaks, but they were allowed 
to split the session if necessary, by taking a longer break after performing four tasks. 
Participants could keep track of their own training results. As an indicator of starting level, 
the training program delivered the Start Index, which was based on the average 
performance on day 2 and 3 on two representative tasks (Grid and Numbers). The 
Improvement Index was based on the improvement on these tasks during the training.
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Home visit
After baseline measurements at the memory clinic, participants were visited at home 
during the same week. According to a standardized protocol, instructions about the 
training procedure were provided by a coach. The coaches were psychologists who were 
qualified to provide the training program according to the Cogmed® protocol. Since the 
training program was performed online, the technical requirements, such as the operating 
system, and internet browser, were checked. To ensure that the participant understood 
the instructions and had sufficient computer skills, the participant practiced the demo 
version of the training program under supervision of the coach. If present, the spouse or 
a family member was informed about the training procedure; this training buddy was 
encouraged to provide technical assistance or to provide help with the training schedule 
if necessary, but was instructed not to engage in the actual training. Finally, the 
expectations of the participant about the training program were discussed.
 According to the Cogmed® training protocol, each participant was asked to formulate 
three goals concerning attention-related or (working) memory-related daily activities, 
such as, “I would like to be able to remember more items of a shopping list”, “I would like 
to be able to remember the name of a person I am being introduced to”, “I would like to 
be able to remember more steps of a route”, or “I would like to be better able to keep my 
attention focused while reading a book”. For each goal, the participant was asked to rate 
the current performance on a scale from 1 (= very far from achieving the goal) to 10 (= 
goal completely achieved). During post-training and follow-up visits at the memory clinic, 
the participant was asked to rate the current performance for each of the three training 
goals that were formulated during the home visit.
Coaching
Each week, the coach contacted the participant by telephone to provide support. The 
coaching conversation was focused on the motivation of the participant. Furthermore, 
the coach checked whether the participant had trained according to schedule, provided 
feedback about training performance, and answered questions of the participant. To 
prevent bias in coaching approaches for good performers or worse performers, no 
training strategies, such as ‘chunking of information’, were provided.
MRI protocol
Structural MRI images of 16 healthy older adults and 15 MCI patients were acquired on a 
Siemens Avanto 1.5T MR scanner. Seven healthy older adults and three MCI patients did 
not meet the MRI inclusion criteria, due to metallic parts in the body (N = 5), metallic 
jewelry that could not be removed (N =1), active implant (N = 1), claustrophobia (N = 1), or 
objection to undergo the MRI procedure (N = 2). The scanning protocol consisted of a 
high-resolution T1-weighted MP-RAGE sequence (TR = 2730 ms, TE = 2.95 ms, flip-angle = 
7°, 176 sagittal slices, slice thickness = 1 mm), and a fluid-attenuated inversion recovery 
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(FLAIR) sequence (TR = 9000 ms, TE = 114 ms, flip-angle = 150°, 48 slices, slice thickness = 
3 mm).
 Global brain atrophy was assessed by calculating the brain parenchymal fraction 
(BPF): (gray matter volume + white matter volume) / intracranial volume.55 To determine 
these volumes, the T1-weighted MR images were segmented into gray matter, white 
matter, and cerebrospinal fluid in native space using the VBM toolbox version 8 in SPM8 
using priors (default settings except for clean up, which was set to thorough). The 
T1-weighted coronal MR images were evaluated to assess medial temporal atrophy (MTA), 
using a 5-point rating scale (range 0-4), which is based on the widths of the choroid fissure 
and temporal horn as well as the height of the hippocampal formation.56 Based on FLAIR 
images, the severity of white matter hyperintensities (WMH), as an indicator of white 
matter lesions, was assessed according the modified criteria of Fazekas,57 using a 4-point 
rating scale (range 0-3). The assessment of WMH and MTA was performed by two 
independent observers.
Data analysis
Training effects
Statistical analysis was performed using IBM SPSS Statistics for Windows version 20.0 (IBM 
Corp., Armonk, NY, USA). Alpha was set at .05 for all analyses. Data are presented as means 
± SD. To establish group differences in Start Index of the WM training and Improvement 
Index, one-way ANOVAs with between-subject factor group were performed. To establish 
training effects, for all neuropsychological tasks a 2 (group: healthy older adults, MCI 
patients) × 3 (time: baseline, post-training, follow-up) repeated measures ANOVA was 
performed. Significant main and interaction effects were further analyzed by means of 
planned contrasts: post-training vs. baseline and follow-up vs. baseline. Effects sizes (η
p
2), 
which range from 0 to 1, are reported as well. An effect size of η
p
2 = .01 is considered to be 
small, η
p
2= .06 medium, and η
p
2= .14 large.58 The observed statistical power to detect a 
large effect of .14 in the current study sample was .77. Pearson correlation coefficients 
(2-tailed) were calculated, adjusted for age and years of education, to investigate the 
relationship between the Improvement Index and training gain on the neuropsychologi-
cal tasks.
Reliable changes
A regression-based method was used to determine whether changes in neuropsycholog-
ical task performance were reliable at the individual level.59 This method controls for 
non-systematic measurement errors and systematic practice effects, which are associated 
with repeated testing. The computer program RegBuild_MR.exe was used to build 
regression equations for the different neuropsychological tasks (http://homepages.abdn.
ac.uk/j.crawford/pages/dept/RegBuild_MR.htm). The regression equations were based 
on summary test-retest data of independent samples of healthy participants, that is, 
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means and standard deviations at test and retest, and the correlation between test and 
retest scores.59 These test-retest data were derived from the test’s manuals (Digit Span:49 
first test = 10.7 ± 2.9, second test = 10.9 ± 3.2, r = .76; Spatial Span:50 first test = 10.0 ± 3.0, 
second test = 10.0 ± 3.1, r = .70; RAVLT:60 total score first test = 48.26 ± 9.49, second test = 
53.42 ± 10.10, r = .80, delayed recall first test = 10.05 ± 2.96, second test = 11.23 ± 2.98, 
r = .83; RFFT:53 total score first test = 100.6 ± 21.8, second test = 108.6 ± 22.1, r = .76, total 
errors first test = 6.53 ± 5.8, second test = 7.76 ± 4.8, r = .36) or available literature (SCWT:61 
first test = 50.35 ± 19.68, second test = 54.36 ± 28.86, r = .68). The raw total scores of the 
Digit Span and Spatial Span were converted to scaled scores before they were entered 
into the program, since test-retest data have been published for the scaled scores only. 
Test-retest data were selected from samples that were as comparable as possible to the 
current study sample with respect to the variables age and test-retest interval. The 
equations were applied to the test scores of the individual participants; based on the 
observed score at the initial test, the retest score was predicted. A two-sided t-test (with 
alpha set to .05) was performed on the discrepancy between the obtained score at retest 
and the predicted score of the individual. Hence, if the discrepancy exceeded the limits of 
the 95 % confidence interval, it was defined as a reliable improvement or a reliable decline. 
Post-training scores as well as follow-up scores were evaluated to determine whether 
reliable changes had occurred over time. For each neuropsychological task, the percentage 
of participants who showed a reliable improvement or decline was calculated.
MRI measures
Pearson’s (r) correlation coefficients (two-tailed) were calculated, adjusted for age and 
years of education, to establish the relationship between global brain atrophy (BPF) and, 
respectively, neuropsychological task performance at baseline and training gain (post- 
training minus baseline and follow-up minus baseline). Spearman’s (ρ) rank correlation 
coefficients (two-tailed) were calculated to establish the relationship between hippo - 
campal atrophy (MTA) / white matter lesions (WMH) and, respectively, neuropsychological 
task performance at baseline and training gain (post-training minus baseline and follow-up 
minus baseline).
Results
Training effects at group level
Trained tasks
The starting level of the WM training was higher in healthy older adults (Start Index 77.3 ± 
7.2) than in MCI patients (Start Index 69.1 ± 8.8; F
(1,39)
 = 10.79, p = .002, η
p
2 = .217). Training 
gain was larger in healthy older adults (Improvement Index 21.7 ± 5.6), in comparison to 
MCI patients (Improvement Index 15.3 ± 4.7; F
(1,39)
 = 14.73, p < .001, η
p
2 = .274). The 
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Improvement Index was not significantly related to training gain on any neuropsychological 
task.
Near-transfer tasks
Table 2 shows the mean group performance on the neuropsychological tasks at baseline, 
post-training and follow-up, as well as the effect sizes for the contrasts post-training vs. 
baseline and follow-up vs. baseline. For both near-transfer tasks, Digit Span and Spatial 
Span, no group by time interaction effects were found. Performance level on the Digit 
Span task did not differ between groups at any of the three assessments. After training, 
healthy older adults performed better on the Digit Span forward (F
(1,22)
 = 5.48, p = .029). 
A trend was found for the Digit Span backward (F
(1,22)
 = 3.71, p = .067). MCI patients 
performed better on the Digit Span backward (F
(1,17)
 = 8.33, p = .010). A trend was found for 
the Digit Span forward (F
(1,17)
 = 3.35, p = .085). At follow-up, both groups showed 
significantly better Digit Span forward and backward scores in comparison to baseline 
(all p-values < .05).
 With respect to the Spatial Span forward, MCI patients performed worse than healthy 
older adults at baseline (F
(1,39)
 = 4.16, p = .048, η
p
2 = .096) and after training (F
(1,39)
 = 5.78, 
p = .021, η
p
2 = .129), but not at follow-up. No group differences were found for the Spatial 
Span backward. Both groups performed better on the Spatial Span backward after 
training (healthy older adults: F
(1,22)
 = 5.97, p = .023; MCI patients: F
(1,17)
 = 4.53, p = .048). 
These improvements were maintained by both groups at follow-up (all p-values < .05).
Far-transfer tasks
Significant group by time interaction effects were found for RAVLT total score (F
(2,74)
 = 
10.38, p < .001, η
p
2 = .219) and delayed recall (F
(2,74)
 = 3.54, p = .034, η
p
2 = .087). At all three 
assessments, MCI patients performed significantly worse on the different components 
of the RAVLT compared to healthy older adults (total score, delayed recall, recognition: 
all p-values < .001). No training effects were found in either of the groups. At follow-up, 
however, healthy older adults obtained higher RAVLT total scores (F
(1,20)
 = 34.34, p < .001) 
and delayed recall scores (F
(1,20)
 = 4.83, p = .040) in comparison to baseline. In contrast, MCI 
patients obtained lower RAVLT recognition scores in comparison to baseline (F
(1,17)
 = 4.71, 
p = .045), while RAVLT total scores and delayed recall scores were unchanged (p-values 
> .05).
 No interaction effects or training effects were found for SCWT interference. In comparison 
to healthy older adults, MCI patients showed larger interference at baseline (F
(1,38)
 = 7.94, 
p = .008, η
p
2 = .173), after training (F
(1,38)
 = 5.34, p = .026, η
p
2 = .123), and at follow-up 
(F
(1,38)
 = 8.89, p = .005, η
p
2 = .190).
 A significant group by time interaction was found for RFFT total number of unique 
patterns (F
(1.73,67.49)
 = 5.56, p = .008, η
p
2 = .125). In comparison to healthy older adults, MCI 
patients produced fewer patterns at baseline (F
(1,39)
 = 8.58, p = .006, η
p
2 = .180), after training 
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(F
(1,39)
 = 18.54, p < .001, η
p
2 = .322), and at follow-up (F
(1,39)
 = 20.17, p < .001, η
p
2 = .341). 
After training, healthy older adults produced more unique patterns (F
(1,22)
 = 26.15, p < .001) 
as well as more perseverative errors (F
(1,22)
 = 6.05, p = .022). These effects were maintained 
at follow-up (all p-values < .05). MCI patients produced more patterns after training in 
comparison to baseline (F
(1,17)
 = 4.44, p = .050). This increase was not maintained after three 
months, although an effect at trend level was found (F
(1,17)
 = 3.71, p = .071).
Self-rating scales
For the CFQ scale or the subscales, no significant group by time interaction effects or 
training effects were found. Only on the subscale Absentmindedness did MCI patients 
report more complaints in comparison to healthy older adults at baseline (F
(1,39)
 = 13.58, 
p = .001, η
p
2 = .258), after training (F
(1,39)
 = 7.77, p = .008, η
p
2 = .166), and at follow-up 
(F
(1,39)
 = 12.96, p = .001, η
p
2 = .249).
 Three training goals were formulated and rated by the participants. Average rating by 
healthy older adults was 5.4 ± 1.2 at baseline, 6.1 ± 1.4 after training, and 6.3 ± 1.2 at 
follow-up. Average rating by MCI patients was 4.8 ± 1.0 at baseline, 5.8 ± 1.1 after training, 
and 6.0 ± 1.0 at follow-up. No significant group by time interaction effects or group 
differences were found. After training, both groups rated their goals higher (healthy older 
adults: F
(1,21)
 = 20.98, p < .001, η
p
2 = .500; MCI patients: F
(1,17)
 = 26.96, p < .001, η
p
2 = .613). 
These effects were maintained at follow-up (healthy older adults: F
(1,21)
 = 12.24, p = .002, 
η
p
2 = .368; MCI patients: F
(1,17)
 = 26.51, p < .001, η
p
2 = .609).
Reliable changes at individual level
Near-transfer tasks
Figure 1 displays the proportion of participants that reliably changed performance after 
training and during follow-up for each neuropsychological task. In all, 17.4 % of healthy 
older adults and 16.7 % of MCI patients reliably improved on one or both near-transfer 
WM tasks after training. At follow-up, improved WM performance was present in 13.0 % 
of healthy older adults and 22.2 % of MCI patients.
Far-transfer tasks
After training, 4.5 % of healthy older adults had reliably improved RAVLT total and/ or recall 
scores, while 13.6 % of healthy older adults and 33.3 % of MCI patients showed a declined 
performance. At follow-up, improved RAVLT performance was present in 4.5 % of healthy 
older adults. In contrast, declined performance was present in 44.4 % of MCI patients.
 With respect to the other neuropsychological tasks SCWT and RFFT, only a small 
proportion of the groups reliably improved or declined after training (see Figure 1).
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Relationship between MRI measures and training gain
Brain parenchymal fraction
In comparison to healthy older adults, MCI patients showed more severe hippocampal 
atrophy and more severe global brain atrophy (a lower brain parenchymal fraction (BPF), 
see Table 1).
Figure 1  Proportion of participants who showed reliably changed neuropsychological task 
performances after training and during follow-up. (A) and (B) display results of the healthy 
older adult group. (C) and (D) display results of the MCI patient group.
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 In the total group of 31 participants who underwent MRI, less global atrophy (a higher 
BPF) was associated with better performance on several neuropsychological tasks at 
baseline (see Table 3). Furthermore, BPF was positively correlated with training gain on 
the RFFT task total score. However, BPF was not related to training gain on any other 
neuro psychological task. Finally, BPF was positively correlated with RFFT performance 
change (total score) and RAVLT performance change (total score) at follow-up (Table 3).
 Participants who reliably declined on the RAVLT at follow-up (N = 7, BPF 0.77 ± 0.01) 
had more global atrophy (lower BPF) than participants who did not reliably decline 
(N = 24, BPF 0.80 ± 0.01; F
(1,29)
 =  7.46, p = .011, η
p
2 = .205).
Medial temporal atrophy
More severe left hippocampal atrophy was associated with worse performance on the 
Spatial Span (backward and total score), RAVLT (total scores and delayed recall scores) and 
SCWT at baseline (Table 3). Right hippocampal atrophy was not related to baseline 
performance.
 Both left and right hippocampal atrophy were negatively associated with training 
gain on the RAVLT (total scores and delayed recall scores) and positively associated with 
training gain on the SCWT. In addition, more severe left hippocampal atrophy was related 
to lower gain on the RFFT (total score) and a lower increase of RFFT errors after training. For 
the follow-up vs. baseline contrast it was found that both left and right hippocampal 
atrophy were negatively associated with performance change on the RAVLT (total scores 
and delayed recall scores) and RFFT (total score) (Table 3).
 Finally, participants who reliably declined on the RAVLT at follow-up (N = 7, MTA left 
1.57 ± 0.79, MTA right 1.43 ± 0.98) had more severe hippocampal atrophy than those who 
did not decline (N = 24, MTA left 0.58 ± 0.97, MTA right 0.50 ± 0.72; MTA left: F
(1,29)
 =  6.00, 
p = .021, η
p
2 = .172; MTA right: F
(1,29)
 = 7.65, p = .010, η
p
2 = .209).
White matter hyperintensities
The severity of white matter hyperintensities was not related to baseline neuropsycholog-
ical task performance or training gain. For the follow-up vs. baseline contrast, it was found 
that a higher WMH score was related to a higher increase in performance on the Spatial 
Span backward (Table 3). In addition, WMH score did not differ between participants who 
reliably declined on the RAVLT at follow-up and those who did not.
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Table 2   Performance on neuropsychological tasks at baseline, post-training and follow-up.
Healthy older adults MCI patients
Baseline Post-training Follow-up Baseline Post-training Follow-up
Mean ± SD      Mean ± SD η
p
2   Mean ± SD η
p
2      Mean ± SD        Mean ± SD η
p
2  Mean ± SD η
p
2
Digit Span Digit Span
Forward 8.8 ± 2.2 9.6 ± 2.0* .199 9.8 ± 2.2** .270 Forward 8.5 ± 1.5 9.2 ± 1.8~ .165 9.6 ± 1.9** .370
Backward 7.3 ± 2.4 8.0 ± 2.2~  .144 8.0 ± 2.6* .168 Backward 6.2 ± 1.6 7.3 ± 1.9** .329 6.9 ± 2.3* .209
Total score 16.1 ± 4.1 17.6 ± 4.0* .246 17.8 ± 4.4** .354 Total score 14.7 ± 2.8 16.5 ± 3.2** .351 16.6 ± 3.9** .412
Spatial Span Spatial Span
Forward 8.4 ± 1.9 9.3 ± 2.0~ .149 8.8 ± 1.5 .042 Forward 7.2 ± 2.1 7.8 ± 1.7 .129 7.8 ± 2.0 .148
Backward 7.8 ± 1.8 8.6 ± 1.6* .213 8.7 ± 1.8* .256 Backward 6.8 ± 2.1 7.4 ± 2.3* .211 7.6 ± 1.8* .236
Total score 16.3 ± 3.2 17.9 ± 3.1** .308 17.5 ± 2.8* .252 Total score 13.9 ± 3.9 15.3 ± 3.6* .281 15.4 ± 3.5* .276
RAVLT RAVLT
Total (sum trial 1-5) 46.9 ± 7.2 48.5 ± 9.8 .050 54.0 ± 9.8*** .632 Total (sum trial 1-5) 33.6 ± 7.5 32.1 ± 7.2 .116 31.8 ± 8.0 .067
Delayed recall 10.6 ± 3.2 11.4 ± 3.2~ .139 11.5 ± 2.8* .194 Delayed recall 3.9 ± 3.4 3.6 ± 3.0 .024 3.2 ± 3.1 .089
Recognition 28.8 ± 1.7 28.9 ± 2.2 .005 28.8 ± 2.0 .001 Recognition 25.2 ± 3.7 24.8 ± 3.8 .013 24.0 ± 4.6* .217
SCWT SCWT
Interference (sec) 45.4 ± 17.0 43.8 ± 22.1  .012 41.7 ± 16.9 .073 Interference (sec) 66.4 ± 30.0 60.9 ± 24.6 .077 64.0 ± 30.0 .014
RFFT RFFT
Total patterns 77.1 ± 19.5 91.9 ± 21.3*** .638 93.5 ± 19.4*** .582 Total patterns 59.3 ± 19.2 64.4 ± 18.8* .207 64.7 ± 21.5~ .179
Total error 7.9 ± 12.9 12.5 ± 16.3* .216 11.5 ± 17.4* .171 Total error 7.4 ± 5.6 6.9 ± 6.5 .005 6.9 ± 5.4 .016
Error ratio 0.14 ± 0.30 0.16 ± 0.27 .021 0.14 ± 0.26 .001 Error ratio 0.13 ± 0.09 0.10 ± 0.08 .048 0.11 ± 0.08 .103
CFQ CFQ
Absentmindedness 28.5 ± 2.1 27.5 ± 2.5~ .162 27.8 ± 2.3 .060 Absentmindedness 24.9 ± 4.0 24.9 ± 3.6 .000 24.9 ± 2.8 .000
Social interaction 14.2 ± 2.6 14.4 ± 1.9 .010 14.5 ± 2.1 .023 Social interaction 14.7 ± 1.8 14.4 ± 2.1 .045 14.1 ± 2.5 .103
Names and words 7.8 ± 1.9 8.1 ± 2.0 .052 8.3 ± 1.5~ .142 Names and words 8.5 ± 1.5 8.4 ± 1.6 .012 9.3 ± 1.8 .116
Orientation 12.5 ± 1.2 12.3 ± 1.5 .035 12.2 ± 1.1 .036 Orientation 12.4 ± 3.0 11.9 ± 2.0 .046 11.6 ± 2.2 .105
Total score 94.2 ± 8.0 93.6 ± 8.2 .013 93.3 ± 7.9 .023 Total score 90.5 ± 10.6 89.7 ± 10.6 .052 89.4 ± 10.6 .043
Note. *p ≤.05 **p ≤ .01 ***p ≤ .001 ~trend .05 < p < .10;  Effect sizes (η
p
2) are reported for the contrasts post-training  
vs baseline and follow-up vs. baseline
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Table 2   Performance on neuropsychological tasks at baseline, post-training and follow-up.
Healthy older adults MCI patients
Baseline Post-training Follow-up Baseline Post-training Follow-up
Mean ± SD      Mean ± SD η
p
2   Mean ± SD η
p
2      Mean ± SD        Mean ± SD η
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Discussion
The aim of this pilot study was to investigate whether transfer and maintenance effects 
were found in cognitive performance after adaptive core WM training in healthy older 
adults and MCI patients. After five weeks of computerized training, both groups improved 
on the trained verbal and visuospatial WM tasks, although the training gain was larger in 
healthy older adults. The groups showed comparable training gains on non-trained 
near-transfer tasks, that is, verbal WM (Digit Span) and spatial WM (Spatial Span). These 
gains were maintained after three months. At an individual level, a limited number of 
participants showed reliable improvement on near-transfer tasks. Regarding far-transfer 
effects, both groups demonstrated training gains only on a figural fluency task (RFFT), 
with smaller effect sizes in MCI. This performance gain was maintained only in healthy 
older adults at follow-up, although a non-significant trend was observed in MCI patients. 
At an individual level, no long-term reliable improvement was observed. In addition, no 
training effects were found for interference control (SWCT), episodic memory (RAVLT), and 
subjective cognitive functioning (CFQ). Together, these results indicate that cognitively 
healthy older adults as well as MCI patients may benefit from core WM training with 
respect to WM performance. However, effects of far-transfer to other cognitive domains 
were limited.
 Because the training program consisted of verbal as well as visuospatial WM tasks, 
we expected to find training gains on non-trained tasks in both WM domains. A similar 
training program to the one used in our study was employed by Brehmer et al.28,32 to study 
training effects in healthy older adults. In one study,28 training gains were found on the 
non-trained Digit Span forward and backward tasks as well as the Spatial Span forward 
and backward tasks, which were maintained after three months, while in another study32 
gain was only found on the backward tasks . In our study, training gains were found on the 
Digit Spatial Span backward and forward. Regarding the Spatial Span, both groups 
demonstrated gains on the backward task, but not on the forward task (although healthy 
older adults showed an effect at trend level). Traditionally, the forward conditions of the 
Digit Span and the Spatial Span task are considered to rely on the slave systems of 
Baddeley’s working-memory model, respectively, the phonological loop and visuospatial 
sketchpad, while the backward conditions of the Digit Span and the Spatial Span task 
additionally engage the central executive.14,18 This view has, however, been under debate, 
suggesting that both forward and backward conditions rely on either the central executive 
or the slave systems to an equal extent.62,63 The training program included tasks that were 
similar to the Spatial Span forward, but it did not include tasks similar to the Spatial Span 
backward. Although both conditions may be considered as simple span tasks tapping 
similar processes, training gains were present for the non-trained Spatial Span backward, 
and to an even larger extent compared to the Spatial Span forward, which provides 
evidence for transfer within the executive component of WM.
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 Performance level on the Digit Span and the Spatial Span backward did not differ 
between groups. In contrast, MCI patients performed worse than healthy older adults on 
the Spatial Span forward at baseline and after training, but not at follow-up. Previous 
studies reported relatively preserved performance on these span tasks in MCI,64-66 
although other studies found evidence for impaired Spatial Span performance.67,68 Despite 
worse performance on the Spatial Span forward compared to healthy older adults, MCI 
patients performed better on this task after training and at follow-up, and part of the 
group showed a reliable improvement. Taken together, our results suggest that core WM 
training may improve cognitive performance in the verbal and spatial WM domain in both 
healthy older adults and MCI patients, and may even induce improvement of WM 
processes that are impaired in MCI.
 With respect to the far-transfer tasks, both groups demonstrated training gain on a 
figural fluency task (RFFT). MCI patients produced fewer patterns than healthy older 
adults, but the error ratio did not differ between groups. Training gain was only maintained 
in healthy older adults, although a non-significant trend was observed in MCI patients. 
The effect sizes suggest that healthy older adults may have benefited more from WM 
training than MCI patients. To our knowledge, far transfer to a figural fluency task has not 
previously been demonstrated. Previous studies investigating WM training in healthy 
older adults have reported gains in related cognitive abilities, such as nonverbal processing 
speed27,31 and nonverbal reasoning.27,29,36 Improved nonverbal reasoning after WM training 
has also been observed in MCI patients.38 Regarding the interference control task (SCWT), 
no significant transfer effects were present. This is in agreement with previous findings; 
Borella et al.27 reported training gain on the SCWT task, but other studies failed to find 
transfer to this task.25,28,31,32,36 With respect to the episodic memory task (RAVLT), healthy 
older adults showed a tendency towards increased performance after training. The robust 
increase in performance at follow-up may therefore be due to test-retest effects. 
Performance of MCI patients was impaired on this task and a substantial part of this group 
demonstrated reliably declined performance at follow-up. As these patients are known to 
be at risk for progression to dementia due to underlying neurodegenerative disease, 
mostly Alzheimer’s disease, this is an expected finding. To conclude, our findings suggest 
that far transfer may occur to the figural fluency domain, but to a limited extent in MCI 
patients. Of note, however, no long-term reliable improvements were observed at an 
individual level. No evidence was found for far transfer to other cognitive domains.
 The effects of core WM training on subjective cognitive functioning in older adults 
has scarcely been investigated. Brehmer et al.28 reported a reduction of everyday memory 
complaints (CFQ) in healthy older adults after training. An increase in attention was 
perceived by the trained group in another study by Richmond et al.35. In contrast, no 
training effects on subjective cognitive functioning were found in the present study. Both 
groups rated their personalized training goals higher after training and at follow-up. We 
can, however, not exclude the possibility that this finding is due to expectancy effects.
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 The number of participants who reliably improved on near- or far-transfer tasks was 
too small to justify conclusions about participant characteristics that may predict training 
outcome. However, we have examined the relationship between measures of structural 
decline and, respectively, baseline performance and training gain. More severe global 
brain atrophy and left (but not right) hippocampal atrophy (assessed by the visual MTA 
rating scale), were associated with lower baseline performance on several cognitive 
domains and lower training gain on the figural fluency task (RFFT). More severe 
hippocampal atrophy was also related to more errors on the RFFT after training. This may 
seem counterintuitive, but participants with less hippocampal atrophy produced more 
patterns as well, which may have increased the likelihood of errors. These individuals may 
have been able to improve their visuospatial abilities through training, or may have been 
able to apply strategies that were not applied by individuals with more atrophy. 
Furthermore, the presence of hippocampal atrophy, either left or right, was related to a 
smaller gain, or even decline, after training on the episodic memory task (RAVLT). In 
contrast, more hippocampal atrophy was related to higher gain on the interference 
control task (SWCT). Individuals without hippocampal atrophy may have performed very 
well at baseline (group comparison MTA = 0 vs. MTA > 0: p = .067), leaving less room for 
improvement compared to those with atrophy. Severity of white matter lesions (assessed 
by the visual WMH rating scale), which is a marker for cerebral small vessel disease, was not 
related to baseline performance or training gain. In contrast to our expectations, a higher 
score on the WMH scale was related to a larger increase in Spatial Span backward 
performance at follow-up. One explanation could be that participants who showed fewer 
white matter lesions already performed at an optimal level, although no difference in 
baseline performance was found between individuals with a high score on the WMH 
scale and individuals with a low score. Alternatively, white matter lesions may not be a 
good predictor of cognitive performance. Overdorp et al.44 reported that the unique 
contribution of white matter lesions in predicting cognitive performance in memory clinic 
patients was minimal after global atrophy and hippocampal atrophy were taken into account.
 Our findings suggest that older adults who show limited global and hippocampal 
atrophy may potentially benefit more from WM training than older adults who show more 
severe atrophy. Episodic memory performance declined in a substantial part of the group, 
which was associated with age- or disease-related brain atrophy. It is unclear whether 
performance declines would have been larger without WM training. Baseline WM 
performance was negatively influenced by global and hippocampal atrophy. However, 
these measures were unrelated to training gain in the WM domain. The role of atrophy, in 
particular of the medial temporal lobe and hippocampal formation, in episodic memory 
performance is well-known, but the relationship between brain atrophy and working 
memory has not received much attention so far. In memory clinic patients, Overdorp et 
al.44 observed associations of global and hippocampal atrophy with measures of global 
cognition, episodic memory, executive functioning and psychomotor speed, but not 
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working memory. In contrast, Taki et al.69 found a positive correlation between gray matter 
ratio and Digit Span performance in healthy older adults. Oosterman et al.70 demonstrated 
negative correlations between hippocampal atrophy and a variety of executive functions, 
including flexibility, inhibition, set shifting and working memory in non-demented older 
adults. These, and our findings, suggest that WM, among other cognitive domains, may 
be affected by global atrophy and hippocampal atrophy in non-demented older adults. 
These atrophy markers in non-demented elderly are considered by some as biomarkers of 
preclinical Alzheimer’s disease.
 Due to logistic reasons, MRI scans were collected at follow-up instead of baseline. 
Therefore, the extent to which conclusions can be drawn about the predictive value of the 
structural measures is limited. Although cognitive training has been linked to structural 
brain changes,43 the effect sizes of any such training-induced changes would be too small 
to affect the outcome of the visual ratings. The purpose of our analysis was to find potential 
relationships between training gain and structural measures. Our results indicate that 
measures of general brain atrophy, and more specifically hippocampal atrophy, may 
potentially serve as a predictor, or biomarker, of cognitive training outcome in older adults. 
Clearly, more research is needed to establish relationships between training-induced 
changes in brain structure, brain activation, and cognitive task performance.
 A limitation of our study is that no untrained control group was included; all 
participants received training. However, nonspecific test-retest effects were taken into 
account, as we used a regression-based method59 to determine whether changes in task 
performance were reliable at the individual level. Furthermore, our results were cognitive 
domain-specific; reliable improvements were primarily found for the WM domain and 
reliable declines were found for the episodic memory domain. This speaks against a 
general test-retest effect. Although there is a large variety of comparison groups among 
studies investigating WM training effects, estimates of training gain in the trained group 
tend to be smaller in studies including an active control group in comparison to studies 
including a no-contact control group, or no control group.71,72 Taking into account the fact 
that effect sizes may have been overestimated in our study, we consider it is justified to 
conclude that there is little evidence for generalization effects to overall cognitive 
functioning. 
 Another limitation of our study was the limited statistical power to detect small 
training effects. In addition, the test-retest data that were used to build regression 
equations for the reliable change analyses were available from samples of healthy older 
adults, but unfortunately not from samples of subjects with MCI. However, factors that 
may play a role in a test-retest situation, such as variation in alertness, mood, fatigue, or 
familiarity with the test situation, may not necessarily differently affect healthy older adults 
and MCI patients.
 The intention of our study was to explore the effects of WM training on cognitive 
performance, but not to determine the efficacy of WM training as a clinical intervention. 
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To provide evidence on the clinical relevance of WM training, a randomized controlled 
trial with a larger sample of patients is required. Nevertheless, our study may provide 
some leads for such a trial. For future research, we recommend including more ecologically 
valid measures to enable evaluation of subjective experience as well as transfer of core 
WM training to daily life situations.
 Our study clearly shows that online computerized training is feasible in healthy older 
adults and, importantly, also in MCI patients. For this type of research, we highly 
recommend including a home visit before training to help the participant with the startup 
of the training, to provide coaching, and to involve a spouse or family member if necessary, 
because we believe these were key elements to keep the participants engaged; the 
dropout rate was relatively low. One potential barrier in this population could be that 
computer skills and internet access are limited, especially in people over 75 and in people 
with lower education levels. However, the number of older adults who have internet 
access is growing.
 In sum, our findings suggest that adaptive core WM training may result in improved 
WM performance and may even induce improvement of WM processes that are impaired 
in MCI. In addition, WM training positively affected the self-rating of personalized training 
goals. However, there is no clear evidence for generalization to cognitive domains other 
than WM in healthy older adults and MCI patients. We furthermore found that global 
atrophy and hippocampal atrophy may negatively affect training gain. Future studies 
should aim to identify potential biomarkers of training effects, which may increase our 
understanding of the mechanisms underlying cognitive enhancement, and which may 
be useful in predicting training efficacy.
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Abstract
Cognitive training has shown to result in improved behavioral performance in normal 
aging and mild cognitive impairment (MCI), yet little is known about the neural correlates 
of cognitive plasticity, or about individual differences in responsiveness to cognitive 
training. In this study, 21 healthy older adults and 14 patients with MCI received five weeks 
of adaptive computerized working-memory (WM) training. Before and after training, 
functional Near-Infrared Spectroscopy (fNIRS) was used to assess the hemodynamic 
response in left and right prefrontal cortex during performance of a verbal n-back task 
with varying levels of WM load. After training, healthy older adults demonstrated 
decreased prefrontal activation at high WM load, which may indicate increased processing 
efficiency. Although MCI patients showed improved behavioral performance at low WM 
load after training, no evidence was found for training-related changes in prefrontal 
activation. Whole-group analyses showed that a relatively strong hemodynamic response 
at low WM load was related to worse behavioral performance, while a relatively strong 
hemodynamic response at high WM load was related to higher training gain. Therefore, a 
‘youth-like’ prefrontal activation pattern at older age may be associated with better 
behavioral outcome and cognitive plasticity.
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Introduction
Cognitive training has been suggested as a powerful tool to prevent or reduce cognitive 
decline in normal aging1,2 and mild cognitive impairment (MCI).3-5 MCI refers to a clinical 
condition which is characterized by cognitive decline that exceeds that of normal aging, 
in the absence of impaired daily functioning.6 MCI patients are at high risk of developing 
dementia, but no effective pharmacological treatment exists. Therefore, early cognitive 
intervention may be an attractive non-pharmacological therapeutic approach. Indeed, 
studies have shown training-related improvements in behavioral performance in various 
cognitive domains, but it remains unclear which intervention program is most effective in 
MCI (for reviews, see 3-5). Neuroimaging studies investigating cognitive training-induced 
changes in brain function are necessary to understand the underlying mechanisms of 
these behavioral improvements and the extent of adaptive brain responses in normal 
aging and MCI patients.
 Recently, a few neuroimaging studies have provided evidence for adaptive brain 
responses in MCI patients by showing training-induced increased hippocampal activity,7,8 
increased activity in brain areas that were not recruited before training,9,10 and increased 
connectivity between brain regions.10 This pattern of primarily increased activation after 
training in MCI differs from the observed pattern in healthy older adults, which is 
characterized by both decreased and increased recruitment of brain regions.11,12
 Several models of aging-related compensatory brain activation may help to predict 
and explain training-induced changes in brain activation in normal aging and MCI. Normal 
aging is associated with decreased activation of task-specific brain regions and increased 
activation of prefrontal areas, which has been interpreted as a compensatory mechanism. 
The HAROLD model states that “under similar circumstances, prefrontal activity during 
cognitive performance tends to be less lateralized in older adults than in younger 
adults”.13(p 85) According to the CRUNCH (Compensation-Related Utilization of Neural 
Circuits Hypothesis) model, activity in prefrontal regions is upregulated as task load 
increases, irrespective of age. However, aging-related neural decline in older adults may 
lead to reduced neural processing efficiency, that is, a reduction of the rate and/or quality 
of neural processing. In order to compensate for reduced processing efficiency, older 
adults may need to activate task-specific regions to a larger extent and to recruit additional 
brain regions already at lower levels of task demand to achieve similar performance levels 
as younger adults.14 In comparison to healthy older adults, MCI patients show a further 
decrease of activity in task-specific brain regions and a decline of the prefrontal 
compensatory network. It has been proposed that cognitive training in healthy older 
adults results in normalization of activation in task-specific regions, such as increased 
hippocampal activation, and reduced prefrontal compensatory activation. In contrast, 
cognitive training in MCI patients may lead to recovery of activation in both task-specific 
regions and the prefrontal compensatory network.11 The INTERACTIVE model of Belleville 
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et al.12 adds to these predictions that the training-induced changes in activation may be 
dependent on the type and method of training. According to this model, training 
approaches that are directed at normalization of dysfunctional brain regions, such as 
repeated practice, may result in decreased activation of specialized areas due to improved 
processing efficiency. In contrast, training approaches that rely on metacognitive 
processes, such as learning new strategies or mnemonics, may lead to increased 
recruitment of compensatory networks. In addition, the model states that the pattern of 
change following training is also dependent on personal characteristics, such as clinical 
status, proficiency level and cognitive reserve.
 The aim of our study was to gain more insight into adaptive responses of the 
prefrontal cortex in the aging brain by investigating the effects of one specific form of 
cognitive training: working-memory (WM) training. According to the theoretical 
framework of Lövdén et al.,15 cognitive plasticity at older age is driven by a prolonged 
mismatch between functional supply and task demands. In this framework, functional 
supply denotes the range of cognitive flexibility of the individual. Training of knowledge- 
based strategies is likely to affect the range of cognitive flexibility, whereas cognitive 
process-based training may improve processing efficiency. Targeting a narrowly defined 
specific process which plays a central role in cognitive functioning, such as WM, will 
maximize the duration and magnitude of the supply-demand mismatch and may thus 
induce plasticity.15,16 To maximize the generalization effect of the intervention, we therefore 
selected an adaptive core WM training procedure for this study.
 By means of functional Near-Infrared Spectroscopy (fNIRS), prefrontal activation was 
established during WM performance in healthy older adults and MCI patients before and 
after five weeks of WM training. fNIRS is a noninvasive hemodynamic neuroimaging 
technique, which has been proven to be a reliable method in repeated testing studies.17 
In comparison to fMRI, fNIRS offers advantages such as lower costs, portability,  lower 
susceptibility to movement artifacts, and high temporal sampling rate.18 Before and after 
training, neuropsychological task performance was assessed as well, which was reported 
by Vermeij et al.19. Brehmer et al.20 examined the neural correlates of training gain in healthy 
older adults who received an adaptive WM training program similar to the one used by 
the current study. After training, the participants showed decreased activity in frontal, 
temporal and occipital regions during performance of a high WM load task, indicating 
increased processing efficiency. Individuals who achieved a large behavioral training gain, 
showed larger decreases of activity in a widespread network of neocortical areas as well 
as larger increases of activity in subcortical areas and a middle frontal region. Other studies 
have also reported increased WM performance (e.g.,21-26) and decreased frontoparietal 
activation after process-specific training in normal aging.27,28 Training-related improvements 
in WM performance in MCI have been reported by Carretti et al.29 and Vermeij et al.,19 
but studies assessing prefrontal activation in MCI patients after adaptive WM training are 
lacking.11
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 Another unresolved issue is whether prefrontal activation patterns before training 
may predict behavioral training gain. Heinzel et al.30 found that WM training resulted in 
decreased frontoparietal activation during performance of a low WM load task in healthy 
older adults. A ‘youth-like’ brain response pattern at baseline, that is, a low BOLD response 
at low levels of WM load and a high BOLD response at high levels of WM load, predicted 
better  behavioral training outcome. To date, it is unclear whether brain activation patterns 
may be predictive of WM training gain in MCI.
 Based on the models discussed above, we tested the following hypotheses in this 
study 1) MCI patients show stronger prefrontal activation at lower levels of WM load than 
healthy older adults in order to maintain performance; 2) WM training leads to decreased 
prefrontal activation during performance of a high-demanding WM task in healthy older 
adults, due to increased processing efficiency, and to increased prefrontal activation 
during performance of a high-demanding WM task in MCI patients, due to restoration of 
the prefrontal compensatory network; 3) Prefrontal activation is predictive of behavioral 
training gain; a relatively small hemodynamic response at low WM load and a relatively 
large hemodynamic response at high WM load are associated with larger behavioral 
training gain.
Methods
Participants
Twenty-five healthy older adults and 22 mild cognitive impairment (MCI) patients were 
included for participation in this study (Figure 1). Healthy older adults did not have 
cognitive deficits and did not have a history of neurological or psychiatric disease. They 
were recruited from local community centers and an information market organized by the 
Radboud Alzheimer Center at Nijmegen, the Netherlands. MCI patients were recruited 
from the memory clinics of the Radboud University Medical Center in Nijmegen, the 
Netherlands, and the Jeroen Bosch hospital in ’s-Hertogenbosch, the Netherlands. MCI 
patients fulfilled the criteria of Petersen31 for amnestic single domain MCI or amnestic 
multiple-domain MCI. Diagnosis was made using a multidisciplinary approach, including 
medical examination, medical history, neuropsychological assessment, and/or neuro-
radiological evidence. At inclusion, overall cognitive functioning was assessed by the 
Mini Mental State Examination (MMSE).32 Participants were excluded if they scored below 
the established MMSE cutoff scores,33 which was set to < 23 for MCI patients and to < 27 
for healthy older adults.
 Figure 1 shows the flowchart of this study. After baseline measurements, five 
participants withdrew from the study due to lack of time (N = 1), lack of motivation (N = 1), 
conversion to Alzheimer’s dementia (N = 1), or illness unrelated to the MCI diagnosis (N = 2). 
In addition, after post-training measurements, seven participants were excluded from 
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data analysis due to a stroke in medical history (N = 1), low fNIRS signal quality (N = 1), or 
movement artifacts reflected by baseline shifts in the fNIRS signal during task performance, 
caused by movement of the head or frowning (N = 5). The final study sample consisted of 
21 healthy older adults and 14 MCI patients, of whom neuroimaging data were complete 
and of good quality. With respect to the analyses of the behavioral data, four participants 
were excluded, because they did not respond to more than 25% of the trials of one or 
more working-memory tasks at baseline. One participant was excluded because 
instructions were not followed correctly during performance of the 2-back task post- 
training (see Figure 1).
 Table 1 shows the final sample characteristics at baseline. The groups did not differ in 
years of education, estimated IQ, or body mass index (all p-values > .05). Estimated verbal 
IQ was based on assessment of the Dutch equivalent of the National Adults Reading 
Test.34 The groups were age-matched at inclusion, but in the final sample, MCI patients 
Figure 1  Flowchart of the study. HOA = healthy older adults, MCI = mild cognitive impairment 
patients.
Pre-training measurements
25 HOA
22 MCI
Working-memory training
25 HOA
22 MCI
Post-training measurements
24 HOA
18 MCI
Dropout
1 HOA
4 MCI
Exclusion
3 HOA
4 MCI
Final sample
21 HOA
14 MCI
fNIRS data
0-back : 21 HOA , 14 MCI
1-back : 21 HOA , 14 MCI
2-back : 21 HOA , 14 MCI
3-back : 21 HOA , 14 MCI
Behavioral data
0-back : 21 HOA , 14 MCI
1-back : 21 HOA , 14 MCI
2-back : 21 HOA , 10 MCI
3-back : 20 HOA , 11 MCI
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were slightly younger than healthy older adults due to drop out (t
(33)
 = 2.03, p = .050) (see 
also Figure 1). As expected, MCI patients showed a significantly lower MMSE score (t
(15.82)
 = 
2.98, p = .009). A substantial number of participants received medication, most frequently 
for hypertension and high cholesterol. Of note, the participants who received psychoactive 
medication did not meet the criteria for clinical depression or anxiety disorder, and 
received only a low dose. One may argue that medical conditions, such as type 2 diabetes 
in four participants, may influence cognitive performance as well. However, in order to be 
able to generalize our findings to the older population, we aimed to include a representative 
sample of older adults, maximizing the study’s external validity. In the Netherlands, where 
this study took place, more than two-thirds of people 65 years and older have two or more 
chronic conditions for which they receive medication, and 30-45 % of people 65 years and 
older use five of more types of medication on a daily basis.35
Experimental procedure
Overall design
All participants visited the hemodynamics lab of the Radboud University Medical Center 
in Nijmegen for fNIRS measurements. They performed four conditions of a WM task while 
their prefrontal activation was established. Following the baseline measurements, they 
Table 1  Sample characteristics at baseline (Mean ± SD).
Healthy older adults MCI patients
Participants 21 persons (13 male, 8 female) 14 persons (10 male, 4 female)
Age* (years) 69.5 ±   5.4 (range 63-81) 66.1 ± 3.9 (range 59-72)
Years of education 14.2 ±   3.3 (range 9-18) 13.3 ± 3.2 (range 9-18)
Estimated IQ 109.8 ±   7.2 (range 90-118) 104.3 ± 10.9 (range 89-124)
MMSE** 29.2 ±   1.0 (range 27-30) 27.1 ± 2.4 (range 23-30)
Body mass index 26.1 ±   2.9 (range 22.0-32.9) 25.1 ± 3.8 (range 19.4-33.6)
Regular cigarette 
smoker
1 person 1 person
Alcohol >2 units/day 2 persons 1 person
Medication
Antihypertensives
Statins
Antiplatelets
Antidiabetics
Psychoactives (low dose 
SSRI/ benzodiazepines)
8 persons
2 persons
4 persons
-
1 person
6 persons
6 persons
6 persons
4 persons
3 persons
Note. *p = .05 **p < .01
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received five weeks of WM training at their own computer at home. Of the final sample, all 
participants completed all 25 WM training sessions. During the week after completion of 
the training, the participants returned to the hemodynamics lab, where the fNIRS 
measurements were repeated.
Assessment before and after WM training: N-back tasks
Before WM training, participants performed four conditions of a verbal n-back task in 
ascending order: 0-back (control condition), 1-back (low working-memory load), 2-back 
(medium working-memory load), 3-back (high working-memory load). To get familiar 
with the tasks, they practiced each condition for one minute and received feedback about 
their performance. Stimuli were presented in black on a gray background using E-prime 
2.0 software (Psychology Software Tools, PA, USA), which also registered the behavioral 
performance. All conditions consisted of four blocks; each block started with a rest period 
of 60 seconds followed by a blank screen for 1 second and a task period of 45 seconds. 
During the rest period, a fixation cross was displayed at the center of the screen. The task 
period consisted of 15 trials, four of which were target trials. In each trial, a letter that was 
randomly selected from a set of 20 consonants was presented for 500 ms. Interstimulus 
interval was set to 2500 ms. In the 0-back task, the letter ‘X’ was defined as target. In the 
other tasks, the target was any letter that was identical to the letter presented n trials back, 
while the letter ‘X’ no longer appeared. Participants indicated each trial whether the 
stimulus was a target by pressing the button under the right index finger, or a non-target 
by pressing the button under the right middle finger (PST Serial Response Box, Psychology 
Software Tools Inc., PA, USA). After completion of the WM training, participants performed 
these same n-back tasks.
Cognitive intervention: WM training program
The training procedure and WM training program have extensively been described by 
Vermeij et al.19 in a previous report on this study sample. A commercially available 
computerized WM training program (Cogmed® QM, Pearson Education, Inc.) was used in 
this study. After baseline measurements, participants were visited at home during the 
same week. According to a standardized protocol, instructions about the training 
procedure were provided by a coach. Participants performed the online training on their 
own computer. They completed 25 training sessions of approximately 45 minutes over a 
period of five weeks. Participants trained five times per week and were not allowed to 
perform multiple sessions on a single day. The WM training program consisted of twelve 
verbal and visuospatial WM tasks. Each session, eight WM tasks were selected according 
to a predetermined order. Task difficulty level was adjusted to the performance level of the 
individual participant on a trial-to-trial basis by increasing or decreasing the number of 
items the participant had to remember such that the participant would reach a score of 
60 % correct on each task. Such a procedure ensures that the training remains cognitively 
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challenging and that the participant may optimally benefit from the training. Task difficulty 
level of the new session was based on the achievement levels of the participant during 
the previous session. Participants were instructed to perform eight tasks in a row, with 
only short breaks, but they were allowed to split the session if necessary, by taking a 
longer break after performing four tasks. The participants could keep track of their own 
achievements. Each week, the coach contacted the participant by telephone to provide 
support. The coaching conversation was focused on the motivation of the participant. No 
training strategies, such as ‘chunking of information’, were provided.
Data acquisition
We measured concentration changes in cortical oxygenated hemoglobin ([O
2
Hb]) and 
deoxygenated hemoglobin ([HHb]) by means of a continuous-wave NIRS device (Oxymon 
Mk III, Artinis Medical System, The Netherlands), using light of three wavelengths (765, 857, 
859 nm). The NIRS data were sampled at a frequency of 125 Hz. Both increases in [O
2
Hb] 
and decreases in [HHb] are indicators of cortical activation. To measure prefrontal 
activation, two pairs of NIRS optodes were bilaterally attached to the forehead and were 
tightly fixed in a customized headband (Spencer technologies, Seattle, WA). The detection 
optodes were placed 25-30 mm above the midpoint of the eyebrow of the participant, at 
approximately FP1 and FP2 according to the international 10-20 electrode system. The 
emission optodes were laterally placed at approximately F7 and F8. Hence, the cerebral 
areas under investigation were the left and right superior and middle frontal gyri 
(Brodmann’s area 10/46).36 Meta-analysis has shown consistent activation of these areas by 
various versions of the n-back paradigm.37 The interoptode distance between emitter and 
detector was 50 mm to minimize contamination from the extra-cerebral circulation and 
maximize signal intensity.38,39 The age-dependent differential pathlength factor (DPF) 
accounts for the increased distance traveled by light due to scattering.40 Because no data 
are available on the actual variation of DPF in adults aged above 50 years, the DPF was set 
to 6.61, corresponding to age 50, in all participants.40,41
 Complementary physiological measures were used to gain insight into task-evoked 
systemic processes. Mean arterial pressure (mmHg) was established by means of a photo-
plethysmography cuff on the index or middle finger of the participant (Finometer, 
Finapres Medical Systems, the Netherlands) during a 5-minute rest period and during 
n-back performance. A three-lead electrocardiogram was recorded for measurement of 
the R-R interval in order to determine heart rate (beats per minute).
Data processing
The fNIRS analyses were performed using MATLAB R2011a (MathWorks, MA, USA). For each 
n-back task separately, the [O
2
Hb] and [HHb] time series were linearly detrended in order 
to remove slow drift. A 4th-order low pass Butterworth digital filter with a cutoff frequency 
of 0.5 Hz was used to filter out high-frequency noise. Next, the data were resampled to 1 
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Hz. For each task period (that is, four repetitions per n-back task), the [O
2
Hb] and [HHb] 
time series were baseline corrected by subtracting the mean concentration changes 
recorded during the last two seconds of the preceding rest period. The selection of a 
two-second rest period as baseline reference was based on previous block design fNIRS 
studies (e.g.,42,43). The baseline-corrected time series were subsequently averaged over the 
four repetitions of each task. Finally, for the 0-back, 1-back, 2-back and 3-back task, mean 
changes of [O
2
Hb] and [HHb] were calculated over the full duration of the task (45 s).
 In a subsample of participants, we have compared the use of a two-second rest 
period with a ten-second rest period as baseline reference. The fNIRS results did not differ 
between these alternatives. However, some participants had moved their head during the 
rest periods. The two-second rest period was less likely to have been influenced by 
movement artifacts and therefore considered to be more reliable compared to the 
ten-second rest period.
 We found a variability in fNIRS response patterns across participants. These patterns 
were classified into three categories: typical (increase of [O
2
Hb] and decrease of [HHb]), 
inverse (decrease of [O
2
Hb] and increase of [HHb]), or deviant (increase or decrease of both 
[O
2
Hb] and [HHb], or no clear response). All response types were included in the analyses. 
With respect to the left fNIRS channel, the following response patterns were identified: 
0-back: typical 45.7 %, inverse 25.7 %, deviant 28.6 %; 1-back: typical 62.9 %, inverse 5.7 %, 
deviant 31.4 %; 2-back: typical 74.3 %, inverse 0 %, deviant 25.7 %; 3-back: typical 51.4 %, 
inverse 5.7 %, deviant 42.9 %. For the right channel, we identified the following patterns: 
0-back: typical 57.1 %, inverse 17.1 %, deviant 25.7 %; 1-back: typical 77.1 %, inverse 2.9 %, 
deviant 20.0 %; 2-back: typical 77.1 %, inverse 2.9 %, deviant 20.0 %; 3-back: typical 71.4 %, 
inverse 0 %, deviant 28.6 %.
Statistical analysis
Behavioral performance
Statistical analysis was performed using IBM SPSS Statistics for Windows version 20.0 (IBM 
Corp., Armonk, NY, USA). Alpha was set at 0.05 for all analyses. Behavioral performance on 
the verbal n-back tasks was assessed by number of hits, misses, correct rejections, and 
false alarms and reaction time. To take the different response types into account, the 
nonparametric discrimination index (i.e., sensitivity) A’ was calculated by the formula: 
0.5+((hit rate-false alarm rate)×(1+hit rate-false alarm rate))/(4×hit rate×(1-false alarm rate)). 
A’ is a behavioral performance variable derived from signal detection theory44,45 and 
ranges from 0.5 (chance level) to 1 (perfect discrimination between targets and non- 
targets). Furthermore, to take speed/ accuracy trade-offs into account and to diminish the 
influence of strategy effects,46 composite A’ scores were calculated as: (100×A’) /reaction time 
on targets (ms)×100. Statistical analyses were performed on these composite A’ scores.
 In healthy older adults and MCI patients, the effects of working-memory load and 
WM training on behavioral performance were established by performing a 2 (group: 
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healthy older adults, MCI patients) × 2 (time: baseline, post-training) × 4 (load: 0-,1-,2-,3-
back) repeated measures ANOVA.
fNIRS
To investigate the effects of working-memory load and WM training on prefrontal 
activation, for both hemodynamic measures ([O
2
Hb], [HHb]) and both fNIRS channels 
(left, right), a 2 (group: healthy older adults, MCI patients) × 2 (time: baseline, post-training) 
× 4 (load: 0-,1-,2-,3-back) repeated measures ANOVA was performed. Significant main 
and interaction effects were further analyzed by means of planned contrasts. Effects sizes 
(η
p
2) are reported, which range from 0 to 1. An effect size of η
p
2 = 0.01 is considered to be 
small, η
p
2= 0.06 medium, and η
p
2= 0.14 large.47
Training gain and fNIRS
Training gain (%) was defined as (performance after training–performance before 
training)/performance before training×100, where performance represents the composite 
A’ score averaged over the four n-back tasks. To gain more insight into the relationship 
between prefrontal activation and behavioral training gain, the whole group was divided 
into decliners (N = 10, 7 healthy older adults, 3 MCI patients, range training gain = -16.9 % 
— -1.5 %), low training gainers (N = 10; 8 healthy older adults, 2 MCI patients, range training 
gain = +0.3 % — +8.8 %), and high training gainers (N = 10; 5 healthy older adults, 5 MCI 
patients, range training gain = +9.6 % — +26.4 %). The decliners were on average older 
(p = .025) and had fewer years of education (p = .037) than the low training gainers. 
No other group differences were present with respect to age, years of education, estimated 
IQ or MMSE score (all p-values > .05). Independent t-tests were performed to establish 
group differences in baseline prefrontal activation, and behavioral performance before 
and after training. Only statistically significant results were reported in the section 
‘Decliners vs. low training gainers vs. high training gainers’.
 For the whole group, Pearson’s (r) partial correlation coefficients (two-tailed, adjusted for 
age and years of education) were calculated, to establish the relationship between the 
task-related hemodynamic response at baseline and respectively 1) behavioral performance 
(composite A’ score) at baseline, and 2) behavioral training gain. Correlations were checked 
and corrected for extreme outliers (defined as: > 3×interquartile range). Only statistically 
significant results were reported in the section ‘Correlations’.
Blood pressure and heart rate
Measures of mean arterial pressure and heart rate were available from 31 participants (19 
healthy older adults, 12 MCI patients). Independent t-tests did not show any group effects. 
The effects of task performance on activation of the sympathetic nervous system were 
investigated in the total group by means of planned contrasts; n-back performance vs. rest.
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Results
N-back performance
Before training 
Table 2 shows the behavioral results in healthy older adults and MCI patients. Performance 
declined with increasing WM load in both groups (healthy older adults: F
(3,57)
 = 69.93, 
p < .001, η
p
2 = .786; MCI patients: F
(3,30)
 = 32.30, p < .001, η
p
2 = .764). Healthy older adults 
performed better than MCI patients at 0-back (F
(1,33)
 = 4.45, p = .043, η
p
2 = .119) and 1-back 
(F
(1,33)
 = 5.28, p = .028, η
p
2 = .138).
After training
In both groups, similar to before training, n-back performance declined with increasing 
WM load (healthy older adults: F
(3,60)
 = 83.65, p < .001, η
p
2 = .807; MCI patients: F
(3,36)
 = 39.56, 
p < .001, η
p
2 = .767). Training did not affect n-back performance in the healthy older adults. 
In contrast, MCI patients showed improved performance at 0-back (F
(1,13)
 = 6.82, p = .022, 
η
p
2 = .344), and, at trend level, at 1-back (F
(1,13)
 = 4.33, p = .058, η
p
2 = .250). As a result, after 
training there was no longer a difference in n-back performance between groups (Table 2).
Table 2   Working-memory performance (Mean composite A’ score ± SD) before and 
after training.
Healthy older adults Pre-training Post-training
Composite A’ score
0-back 17.81 ± 2.25 18.40 ± 2.90
1-back 15.78 ± 2.70 16.18 ± 2.23
2-back 11.59 ± 2.74 12.09 ± 2.57
3-back 9.57 ± 2.84 9.60 ± 2.89
MCI patients Pre-training Post-training
Composite A’ score
0-back 16.08 ± 2.58 17.04 ± 2.72*
1-back 13.41 ± 3.38 14.51 ± 3.36~
2-back 10.94 ± 2.55 10.59 ± 3.41
3-back 9.05 ± 2.80 9.24 ± 3.24
Note. *p <.05 ~trend .05 < p < .10 post-training vs. pre-training.  Composite A’ scores were calculated as: (100×A’) 
/reaction time on targets (ms)×100, to take speed-accuracy trade-offs into account. A’ represents a non- 
parametric discrimination index  which takes different response types into account and which was calculated 
by the formula: 0.5+((hit rate-false alarm rate)×(1+hit rate-false alarm rate))/(4×hit rate×(1-false alarm rate)).
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Prefrontal activation
Before training
Figure 2 displays the fNIRS results in both groups. Whole-group analyses revealed main 
effects of WM load on prefrontal activation at baseline ([O
2
Hb] left: F
(3,99)
 = 2.82, p = .043, 
η
p
2 = .079; [O
2
Hb] right: F
(3,99)
 = 5.17, p = .002, η
p
2 = .136; [HHb] left: F
(3,99)
 = 4.11, p = .009, η
p
2 = 
.111; [HHb] right: F
(2.47,81.55)
 = 3.11, p = .039, η
p
2 = .086). A group effect at trend level was found 
for [HHb] in the right hemisphere (F
(1,33)
 = 3.48, p = .071, η
p
2 = .095). Exploratory testing 
revealed a larger decrease of [HHb] in the right hemisphere in MCI patients compared to 
healthy older adults during 0-back performance (F
(1,33)
 = 5.44, p = .026, η
p
2 = .142). No WM 
load by group interactions were found, although an interaction at trend level was present 
for [O
2
Hb] in the right hemisphere (F
(3,99)
 = 2.33, p = .079, η
p
2 = .066). Further testing revealed 
a significant WM load by group interaction for the 2-back versus 1-back contrast ([O
2
Hb] 
right: F
(1,33)
 = 4.14, p = .050, η
p
2 = .111), with an increase of [O
2
Hb] in healthy older adults and 
no change in MCI (see Figure 2).
 In healthy older adults, WM load effects were present in both left hemisphere (0-back 
vs. 2-back: [O
2
Hb] p = .003, η
p
2 = .368, [HHb] p = .002, η
p
2 = .385; 0-back vs. 3-back: [O
2
Hb] 
p = .048, η
p
2 = .181, [HHb] p = .032, η
p
2 = .211; 1-back vs. 2- back: [O
2
Hb] p = .014, η
p
2 = .268, 
[HHb] p = .008, η
p
2 = .304; 2-back vs. 3-back: [O
2
Hb] p = .011, η
p
2 = .280, [HHb] trend p = 
.068, η
p
2 = .157) and right hemisphere (0-back vs. 2-back: [O
2
Hb] p = .001, η
p
2 = .418, [HHb] 
trend p = .062, η
p
2 = .163; 0-back vs. 3-back: [O
2
Hb] p = .017, η
p
2 = .254, [HHb] p = .030, η
p
2 = 
.214; 1-back vs. 2- back: [O
2
Hb] p = .015, η
p
2 = .260, [HHb] p = n.s.). MCI patients showed no 
effect of WM load on the hemodynamic response at baseline.
After training
No main effects of WM load and group on prefrontal activation or interaction effects of 
these factors remained after training. Separate analyses of both groups indicated that in 
healthy older adults, the [HHb] response was larger in the left hemisphere during 3-back 
performance compared to 0-back performance (p = .033, η
p
2 = .209). No other WM load 
effects were found (Figure 2).
 With respect to training effects, in healthy older adults, an interaction effect of 
training and WM load was found for [O
2
Hb] (left: F
(1.88,37.62)
 = 2.76, trend level p = .079, η
p
2 = 
.121; right: F
(1.93,38.62)
 = 3.73, p = .034, η
p
2 = .157), but not for [HHb]. Further exploration of this 
interaction revealed a decrease of prefrontal activation after training specifically and only 
during 2-back performance (Figure 2). In the left hemisphere, the [HHb] response (F
(1,20)
 = 
4.65, p = .043, η
p
2 = .189) and the [O
2
Hb] response (F
(1,20)
 = 4.05, trend level p = .058, η
p
2 = 
.168) were reduced after training. In the right hemisphere, the [O
2
Hb] response (F
(1,20)
 = 5.24, 
p = .033, η
p
2 = .207) showed a reduction, but the [HHb] response did not change. No 
training effects were found in the MCI group.
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Prediction of training gain
Decliners vs. low training gainers vs. high training gainers
Decliners had reduced behavioral performance on the n-back tasks after training (-8.0 ± 
4.8 %; t
(9)
 = 3.94, p = .003). Low training gainers (+4.7 ± 2.2 %; t
(9)
 = -5.28, p = .001) and high 
training gainers (+18.4 ± 5.8 %; t
(9)
 = -8.11, p < .001) had improved behavioral performance. 
Before training, low gainers performed worse than decliners at the n-back tasks (t
(18)
 = 
2.46, p = .024). No group differences in n-back performance remained after training, 
Figure 2  Hemodynamic concentration changes during n-back performance before and 
after training. Mean ± SEM changes of [O
2
Hb] and [HHb] in the left and right hemisphere 
in healthy older adults (A, B) and MCI patients (C, D). *p < .05, ~p < .10.
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although high gainers showed a tendency towards better performance than low gainers 
(t
(18)
 = - 1.77, trend p = .093).
 Before training, high gainers had a stronger [O
2
Hb] response than low gainers in the 
left hemisphere during 2-back performance (t
(18)
 = -2.59, p = .018), as well as a stronger 
[O
2
Hb] response in the right hemisphere during 3-back performance (t
(18)
 = -3.43, p = .003). 
Similarly, in comparison to decliners, high gainers showed a stronger [O
2
Hb] response in 
the left hemisphere during 2-back performance (t
(18)
 = -2.29, p = .034), and a stronger 
[O
2
Hb] response in the right hemisphere during 3-back performance (t
(18)
 = -2.33, p = .032). 
Hemodynamic responses of low gainers and decliners did not differ, although low gainers 
tended to show a stronger [HHb] response in the left hemisphere during 3-back 
performance (t
(18)
 = 2.07, trend p = .053).
 In additional analyses, baseline task activation (1-, 2-, 3-back) was corrected for 
activation in the control condition (0-back). The comparison between low and high 
gainers did not result in significant differences, although high gainers tended to show a 
larger increase of [O
2
Hb] in the right hemisphere between the control condition (0-back) 
and high WM load (3-back) than low gainers (t
(18)
 = -2.07, trend p = .054). The difference in 
hemodynamic response between 0-back and 3-back was larger in high gainers than in 
decliners in both left hemisphere ([O
2
Hb]: p = n.s.; [HHb]: t
(18)
 = 2.23, p = .039) and right 
hemisphere ([O
2
Hb]: t
(11.37)
 = -2.24, p = .046; [HHb]: t
(18)
 = 2.19, p = .042). Furthermore, a trend 
was found for the corrected 2-back task, with a larger [HHb] response in the right 
hemisphere in high gainers than in decliners (t
(18)
 = 2.07, trend p = .053). Finally, in 
comparison to decliners, low gainers had a stronger [HHb] response in the right 
hemisphere at corrected 2-back (t
(18)
 = 2.44, p = .025) and 3-back (t
(18)
 = 2.13, p = .047). 
They also showed a trend towards an increased [O
2
Hb] response at corrected 1-back (Left: 
t
(18)
 = -2.04, trend p = .056; Right: t
(18)
 = -2.04, trend p = .057).
Correlations
Correlations were calculated to investigate the relationship between the hemodynamic 
response at baseline and respectively baseline behavioral performance and training gain 
in the whole group. A stronger hemodynamic response was associated with worse 
behavioral performance at 0-back (Figure 3A, [HHb] Left: r = .429, p = .013, extreme outlier 
corrected r = .390, p = .027) and 1-back (Figure 3B, [O
2
Hb] Left: r = -.396, p = .022; Figure 3C, 
[O
2
Hb] Right: r = -.459, p = .007). No such correlations were found for the 2-back and 3-back 
task.
 Stronger increases of [O
2
Hb] at baseline during performance of the 2-back task (Figure 4A, 
Left: r = .504, p = .006) and 3-back task (Figure 4B, Left: r = .377, p = .048; Figure 4C, Right: 
r = .409, p = .031) were associated with a larger training gain. Furthermore, a larger increase 
in hemodynamic response in the right hemisphere from the control condition (0-back) 
to high WM load (3-back) was related to a larger training gain (Figure 5A, [O
2
Hb]: r = .387, 
p = .042; Figure 5B, [HHb]: r = -.413, p = .029).
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Figure 3  Correlation of hemodynamic response at baseline and behavioral performance 
(composite A’ score) at baseline. Scatter plots show [HHb] response in left hemisphere at 
0-back (A), and [O
2
Hb] response in left (B) and right hemisphere (C) at 1-back.
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Figure 4  Correlation of hemodynamic response at baseline and behavioral training gain. 
Scatter plots show [O
2
Hb] response in left hemisphere at 2-back (A), and [O
2
Hb] response in 
left (B) and right hemisphere (C) at 3-back.
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Systemic measurements
Table 3 shows the task-evoked effects on mean arterial pressure in the finger and heart 
rate in the total group. No group effects were found. Task performance induced a 
significant increase in mean arterial pressure during pre- and post-training measurements. 
Figure 5  Correlation of hemodynamic response at baseline, corrected for control condition, 
and behavioral training gain. Scatter plots show [O
2
Hb] response (A) and [HHb] response (B) 
in right hemisphere for 3-back minus 0-back contrast.
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Table 3   Mean arterial pressure in the finger and heart rate during 5-minute rest 
measurements and n-back performance. 
Mean arterial pressure (mmHg) Heart rate (beats per minute)
Pre-training Post-training Pre-training Post-training 
Rest 76.7 ± 12.2 74.7 ± 13.1 68.6 ± 9.5 66.9 ± 8.1
0-back 86.5 ± 12.2** 85.5 ± 14.3** 70.0 ± 8.4~ 70.7 ± 8.1**
1-back 88.5 ± 12.6** 86.9 ± 14.8** 69.8 ± 8.6 70.7 ± 8.0**
2-back 90.9 ± 14.5** 89.9 ± 14.6** 70.5 ± 9.5~ 71.4 ± 8.8**
3-back 89.5 ± 13.4** 89.9 ± 14.5** 69.6 ± 9.8 70.1 ± 8.2**
Note.**p < .001 *p <.05 ~trend .05 < p < .10 n-back task performance vs. rest. Physiological data were available 
from 31 participants (N = 19 healthy older adults; N = 12 MCI patients).
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A task-evoked increase in heart rate was only present after training. Resting heart rate 
tended to be higher before training (p = .059). This may have been due to novelty effects 
and may provide an explanation for the lack of task-evoked effects on heart rate during 
pre-training measurements. No other pre- vs. post-training effects were present.
Discussion
The aim of our study was to gain more insight into the adaptive responses of the prefrontal 
cortex in normal aging and MCI. We used fNIRS to compare prefrontal activation during 
verbal n-back performance at varying levels of WM load between healthy older adults and 
patients with MCI, and to examine changes in prefrontal activation following 25 sessions 
of adaptive WM training. Furthermore, we investigated the relationship between WM 
load-dependent prefrontal activation and behavioral training gain.
Group differences in prefrontal activation and behavioral performance 
at baseline
Our first hypothesis was that MCI patients would show stronger prefrontal activation at 
lower levels of WM load than healthy older adults in order to maintain behavioral 
performance. The baseline results of the current study partially support this hypothesis. 
Prefrontal activation was modulated by WM load in healthy older adults, but, in contrast 
to our expectations, not in MCI. Based on visual inspection of the hemodynamic responses, 
MCI patients showed maximum increase of [O
2
Hb] at lower WM load (1-back) compared 
to healthy older adults (2-back). However, examination of the [HHb] responses did not 
provide a clear view. Behavioral performance and activation of the prefrontal cortex did 
not differ between groups at high WM load (2-back, 3-back). With respect to low WM load 
(0-back, 1-back), one group effect was present; MCI patients showed a stronger [HHb] 
response in the right hemisphere during 0-back performance. In addition, MCI patients 
performed worse at the low WM load tasks than healthy older adults.
 Consistent with previous studies, healthy older adults showed modulation of prefrontal 
activation in response to verbal WM load.48-53 Prefrontal activation increased up to 2-back, 
with a drop at 3-back, suggesting that the limits of WM capacity were exceeded.54 This 
inverted U-shape of the WM load-hemodynamic response curve is in agreement with 
Heinzel et al.,30 while, for example, Mattay et al.49 found a consistent decrease in activation 
with increasing load in their n-back study. This variation in the shape of the WM load- 
hemodynamic response curve may depend on factors such as task difficulty, task design, 
and population.55
 In accordance with the CRUNCH model,14 we hypothesized a leftward shift of the WM 
load-hemodynamic response curve in MCI patients in comparison to healthy older adults. 
However, no effect of WM load on prefrontal activation was present in MCI. Previous 
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studies on n-back performance suggest responsivity of frontal areas to WM load in MCI.56-58 
The outcome of studies that directly compared brain activation evoked by a WM challenge 
between healthy older adults and MCI patients is mixed. Alichniewicz et al.56 reported 
decreased activation in frontal areas in MCI compared to healthy older adults at high WM 
load, while no group differences occurred at low WM load. Reduced activation in MCI was 
also found by Saykin et al.59. Other studies reported either increased activation in frontal 
areas in MCI,60,61 no group differences in brain activation,57 or group differences in only 
other than frontal areas such as the anterior cingulate and precuneus,62 as well as the 
insula, lingual gyrus and hippocampus.58 Taken together, the lack of WM load effects in 
MCI patients in the current study may indicate that the measured prefrontal areas were 
not responsive to WM load in MCI. However, the absence of group effects may, alternatively, 
point to limited statistical power due to a small sample of MCI patients or a high variation 
in hemodynamic responses in the MCI group.
 The lack of overall group differences in prefrontal activation at different levels of WM 
load may suggest that WM processing is unimpaired in MCI. Indeed, high WM load (2-back, 
3-back) performance did not differ between groups. However, in comparison to healthy 
older adults, MCI patients performed worse at low WM load (0-back, 1-back) and they 
showed a stronger [HHb] response in the right hemisphere at 0-back performance. 
Previous studies reported unimpaired n-back performance in amnestic MCI patients,57,58 
while other studies found  lower accuracy at 2-back, but not at 0-back,56 a tendency 
towards lower accuracy at 2-back,59 or longer reactions times.63 Of note, in the current 
study, behavioral performance was assessed by a composite score to take speed/accuracy 
trade-offs into account and to diminish the influence of strategy effects.46 This composite 
measure might be more sensitive to WM impairment. A possible explanation for the 
baseline results in our study could be that WM abilities are declined in amnestic MCI, 
posing a challenge already at low WM load, and that only high WM load tasks were 
challenging for healthy older adults, leading to equal performance in both groups at high 
WM load. In line with this idea is our finding that, in the whole group, stronger activation 
at 0-back and 1-back was related to worse performance. Therefore, we propose that 
increased prefrontal activation at low WM load may reflect inefficient neural processing or 
unsuccessful (or attempted) compensation.
Training effects
We hypothesized that adaptive WM training would result in increased processing 
efficiency in healthy older adults and to restoration of the prefrontal compensatory 
network in MCI, leading to decreased prefrontal activation in healthy older adults and 
increased prefrontal activation in MCI patients during performance of a high-demanding 
WM task. We found decreased bilateral activation in healthy older adults only at 2-back. 
This group did not show improvement of n-back performance after training. The pattern 
of decreased activation together with unchanged behavioral performance may be 
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interpreted as improved processing efficiency, since fewer neural resources needed to be 
recruited in order to meet the task demands.15 This is in line with several previous studies 
reporting decreased activation of WM-related frontoparietal areas after process-specific 
training in healthy older adults,20,27,30 although Erickson et al.28 found decreases in activation 
(left and right dorsolateral prefrontal cortex, right ventrolateral prefrontal cortex) as well as 
increases (left ventrolateral prefrontal cortex).
 Given that a training effect was specifically and only present for the 2-back task, we 
do not consider it plausible that this would be due to a general test-retest effect, such as 
changed arousal of the participants. No changes in behavioral performance or activation 
were found for the 0-back and 1-back task. Possibly, the healthy older adults already 
performed at an optimal level at baseline, leaving little room for improvement. The drop 
in pre-training 3-back activation in comparison to 2-back activation suggests a limit in 
WM capacity. A training effect reflecting improved processing efficiency may only occur 
at load levels associated with a maximal hemodynamic response, which is 2-back in the 
current study. In terms of the framework of Lövdén et al.,15 the necessary mismatch 
between functional supply and task demands to induce cognitive plasticity may not 
occur if WM load is far beyond or fully within the current range of cognitive flexibility of 
the participant.
 After training, MCI patients had improved their low WM load performance up to the 
same level as healthy older adults. In contrast to our expectations and other studies,7-10 we 
did not find any training-related effect on brain activation. The patients with MCI who 
were selected for this study were all of the amnestic subtype. Although there is some 
evidence that Alzheimer pathology may underlie amnestic MCI,64 we cannot rule out that 
the pathology underlying our patients’ memory problems may have varied within this 
group, leading to a ranging ability to show cognitive plasticity. Despite the lack of evidence 
for training-induced prefrontal activation changes, we previously showed that this WM 
training had beneficial effects in the current study sample at a behavioral level.19 
Specifically, we found reliably improved performance at WM tasks in both healthy older 
adults and MCI patients after training, although no generalization to other cognitive 
domains was present.
Prediction of training gain
Finally, we hypothesized that prefrontal activation would be predictive of behavioral 
training gain. Participants who showed a high training gain had a stronger hemodynamic 
response at high WM load at baseline in comparison to participants who showed a low 
training gain or declined behavioral performance after training. In line with these results, 
correlational analyses indicated a positive relationship between high WM load activation 
at baseline and training gain. These findings held also true when 3-back activation was 
corrected for 0-back activation. Our study is consistent with previous research showing 
that a more ‘youth-like’ pattern of activation, that is, a relatively small hemodynamic 
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response at low WM load and a relatively large hemodynamic response at high WM 
load,65,66 is associated with larger behavioral training gain.30 Thus, it seems that older 
persons who are able to more strongly recruit prefrontal areas at the high task demand, 
may demonstrate larger cognitive plasticity, possibly regardless of clinical status.
Limitations and future directions
This study has some limitations. First, the hemodynamic response was assessed in the 
prefrontal cortex, but not in other brain areas. We were specifically interested in prefrontal 
compensatory mechanisms, but we acknowledge that the WM training may have induced 
activation changes or connectivity changes in a broad network of areas involved in WM 
processing, including the hippocampus. Second, the sample sizes in the group 
comparisons were modest, thereby increasing the risk of type II errors. However, sample 
sizes were comparable to other neuroimaging studies in the field, especially in MCI 
patients, and the correlational analyses on the full study sample increased the power to 
find associations between prefrontal activation and behavioral performance. Third, we 
did not include a non-trained control group in this study. However, the intention of this 
study was to establish the neural correlates of WM training, but not to determine the 
efficacy of WM training as a clinical intervention. This study may therefore provide some 
leads for a randomized controlled trial with a larger sample of patients. 
 Future research should further examine individual differences in prefrontal compensatory 
recruitment and cognitive training outcome, and needs to identity factors that may limit or 
stimulate cognitive plasticity in older adults. This also emphasizes the need for longitudinal 
studies to be able to detect subtle within-person changes in activation over time67 and to 
enable stratification of MCI patients based on later-life diagnoses such as Alzheimer’s dementia.
 Finally, by including systemic measurements in the current study, we showed task- 
evoked increases in mean arterial pressure and heart rate. Whereas cerebral blood flow is 
largely stabilized by cerebral autoregulation, skin blood flow is more strongly affected by 
systemic fluctuations. Task-evoked changes in skin perfusion may obscure changes in 
cerebral activation in fNIRS studies.68-70 Further studies are needed to better characterize 
conditions under which systemic artifacts occur in the fNIRS signal, and to develop 
methods to separate the extracranial and cerebral contributions to the fNIRS signal.
Conclusions
In conclusion, we found evidence for increased prefrontal processing efficiency in healthy 
older adults after WM process-specific training. This effect occurred at a task that 
presumably posed maximal challenge within the cognitive flexibility range. Although MCI 
patients had improved behavioral performance at low WM tasks after training, we did not 
find evidence for training-induced changes in prefrontal activation in this group. In line 
with the CRUNCH model,14 a ‘youth-like’ pattern of prefrontal activation at older age (also 
in MCI) seems to be beneficial for behavioral performance and behavioral training gain; 
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relatively stronger prefrontal recruitment at high WM load was related to higher gain. This 
may imply that older persons with a ‘youth-like’ brain response might demonstrate larger 
cognitive plasticity. In contrast, relatively stronger prefrontal recruitment at low WM load 
was related to worse behavioral outcome. Hence, these activation increases may be 
attributed to inefficient processing or unsuccessful prefrontal compensation.
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CHAPTER 6
Abstract
Spontaneous slow oscillations occur in cerebral hemodynamics and blood pressure (BP), 
and may reflect neurogenic, metabolic or myogenic control of the cerebral vasculature. 
Aging is accompanied by a degeneration of the vascular system, which may have 
consequences for regional cerebral blood flow and cognitive performance. This 
degeneration may be reflected in a reduction of spontaneous slow oscillations of cerebral 
hemodynamics and BP. Therefore, we aimed to establish the dependency of slow 
oscillations of cerebral hemodynamics and BP on the factors age and cognitive load, by 
using functional Near-Infrared Spectroscopy (fNIRS). Fourteen healthy young (23-32 years) 
and 14 healthy older adults (64-78 years) performed a verbal n-back working-memory 
task. Oxygenated and deoxygenated hemoglobin concentration changes were registered 
by two fNIRS channels located over left and right prefrontal cortex. BP was measured in 
the finger by photoplethysmography. We found that very-low-frequency oscillations 
(0.02-0.07 Hz) and low-frequency oscillations (0.07-0.2 Hz) of cerebral hemodynamics and 
BP were reduced in the older adults compared to the young during task performance. In 
young adults, very-low-frequency oscillations of cerebral hemodynamics and BP reduced 
with increased cognitive load. Cognitive load did not affect low-frequency oscillations of 
the cerebral hemodynamics and BP. Transfer function analysis indicated that the 
relationship between BP and cerebral hemodynamic oscillations does not change under 
influence of age and cognitive load. Our results suggest aging-related changes in the 
microvasculature such as declined spontaneous activity in microvascular smooth muscle 
cells and vessel stiffness. Moreover, our results indicate that in addition to local vaso-
regulatory processes, systemic processes also influence cerebral hemodynamic signals. 
It is therefore crucial to take the factors age and BP into consideration for the analysis and 
interpretation of hemodynamic neuroimaging data.
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Introduction
Neuroimaging with fNIRS and fMRI has registered the occurrence of spontaneous slow 
oscillations of cerebral hemodynamics.1 The driving force for these oscillations may vary 
between neurogenic, metabolic and myogenic control of the cerebral vasculature.2-5 
Different physiological origins for slow oscillations of cerebral hemodynamics are 
suggested in the literature and may be summarized as follows: 1) spontaneous slow 
changes in cerebrovascular tone (vasomotion), 2) changes in systemic hemodynamics 
(blood pressure (BP)) reflected in cerebral hemodynamics and 3) slow oscillations in 
neuronal activation, related to functional network connectivity. Slow oscillations are 
further characterized by their frequencies. Very-low-frequency oscillations (VLFOs) occur 
at approximately 0.04 Hz and low-frequency oscillations (LFOs) are centered around 0.1 
Hz.6 These slow oscillations can thus be differentiated from high-frequency oscillations 
(HFOs) that are known to be of respiratory origin, around 0.2-0.3 Hz, and the heartbeat 
cycles that occur at approximately 1 Hz.7
 Slow oscillations of cerebral hemodynamics are modulated by functional stimulation. 
Obrig et al.6 established using fNIRS that functional activation affects slow oscillations of 
cerebral hemodynamics in the visual cortex in young adults. In comparison to rest, visual 
checkerboard stimulation reduced VLFOs of oxygenated hemoglobin ([O
2
Hb]), centered 
around 0.04 Hz. No significant effects of functional activation were found for VLFOs of 
[HHb] or for LFOs centered around 0.10 Hz. For functional activation research, it is relevant 
to know how slow oscillations are affected not only by functional stimulation versus rest, 
but also by cognitive load. To date, however, it is unclear if and how cognitive load 
influences these oscillations. Furthermore, because systemic (BP) oscillations have been 
investigated together with cerebral hemodynamics only in a relatively small number of 
studies, it remains insufficiently known to what extent the effects of cognitive load on 
cerebral oscillations may be mediated by effects on these systemic oscillations.
 In addition to functional activation, slow oscillations may be affected by aging. 
Schroeter et al.8 showed with fNIRS that LFOs (0.07 to 0.11 Hz) of [O
2
Hb] and [HHb] in the 
cerebral microvasculature strongly declined with aging during both rest and visual 
checkerboard stimulation. VLFOs (0.01 to 0.05 Hz) were not affected by age, but functional 
stimulation increased VLFOs of [O
2
Hb] and [HHb] in young adults and increased VLFOs of 
[HHb] in older adults. These results might indicate a decline in spontaneous activity in 
microvascular smooth muscle cells in conjunction with an increase in vessel stiffness in 
the elderly. Aging is further accompanied by a degradation of the cerebrovascular system 
encompassing changes in resting cerebral blood flow, vascular reactivity and vascular 
ultrastructure.9 For example, changes in the ultrastructural integrity of the cerebral 
vasculature result in a decrease in the elasticity and compliancy of affected vessels, 
including capillaries, larger arterioles and cerebral arteries.10 Accordingly, the diversity of 
aging-related vascular pathological changes may have a large influence on the cerebral 
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hemodynamic oscillations, and hence on the interpretation of hemodynamic neuro - 
imaging data.11
 Recently, spontaneous slow oscillations of the fMRI BOLD-signal have gained much 
interest. Specifically, it has been suggested that these oscillations reflect spontaneous 
neuronal activity and that they may play a role in functional connectivity between 
different brain regions. Accordingly, several studies have focused on inter-regional 
correlations in slow BOLD oscillations during resting-state and task performance.12 
Sambataro et al.13 investigated slow oscillations (0.03-0.08 Hz) of the fMRI BOLD-signal 
during performance of the n-back working-memory task. In older adults, oscillations were 
reduced in power in posterior regions of the default mode network in comparison to 
young adults. With increasing cognitive load (1-back and 2-back versus 0-back), power 
decreased in both groups, but the power attenuation was smaller in older adults. The 
authors concluded that older adults show decreased functional connectivity and a 
decreased ability to suppress slow oscillations of the default mode network. Systemic 
oscillations were not measured in that study however.
 It is relevant to know how the amplitude of the hemodynamic oscillations is affected 
by different cognitive loads, since aging-related changes in these oscillations are likely to 
reflect aging-related changes in neurogenic, metabolic or myogenic regulation of 
microvascular blood flow. This knowledge will contribute to improved analysis and 
interpretation of hemodynamic neuroimaging data. Therefore, the first aim of this study 
was to examine interaction effects of age and cognitive load on oscillations of cerebral 
hemodynamics by using functional Near-Infrared Spectroscopy (fNIRS), a noninvasive 
neuroimaging technique which is particularly sensitive to the microvasculature.
 When analyzing task-related changes in the regional cerebrovascular response, the 
systemic response is often neglected or assumed to be unchanged. However, Tachtsidis 
et al.14 found significant task-related changes in both regional cerebral hemodynamic and 
systemic signals during functional activation of the frontal cortex. In some participants, 
these changes were highly correlated. These results suggest a centrally mediated 
mechanism influencing both the cerebrovascular and cardiovascular systems. Therefore, 
the second aim of our study was to examine the impact of age and cognitive activation 
on BP oscillations. We performed transfer function analysis to gain more insight into 
the relationship between the task-induced BP oscillations and cerebral hemodynamic 
oscillations.
 Taken together, we hypothesized that not only aging, but also cognitive load may 
affect slow oscillations of cerebral hemodynamics. To enhance our understanding of the 
origins of these oscillations, we recorded both cerebral and systemic (BP) oscillations and 
investigated their possible relationship using transfer function analysis.
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Methods
Participants
Fourteen healthy young adults (8 female, mean age = 26.4 ± 3.0 years, range 23-32) and 14 
healthy older adults (10 female, mean age = 70.3 ± 4.7 years, range 64-78) participated in 
this study. Educational level slightly differed between the young (M = 16.7 ± 2.8 years, 
range 10.5-18.0) and older adults (M = 12.6 ± 3.2 years, range 9.0-18.0) (Mann-Whitney 
U = 33.00, p = .002). All participants completed secondary school or higher. None of 
the older adults experienced subjective memory problems, all were living independently, 
and all had unimpaired overall cognitive function as assessed with the Mini Mental State 
Examination15 (mean score = 29.1 ± 0.9, range 27-30). All participants were right-handed 
and had normal or corrected-to-normal vision. None of the participants had a history of 
neurological or psychiatric disease, or used psychopharmacological drugs. Four older 
adults used antihypertensive medication. All participants refrained from alcohol, caffeine, and 
nicotine from at least 3 hours before the experimental session. The study was approved by 
the local medical ethics committee and all participants gave written informed consent.
Experimental procedure
The experimental procedure utilized in the present study and the accompanying 
behavioral results have previously been described in detail by Vermeij et al.16 Participants 
performed two versions of a verbal n-back task; after the 0-back task (control condition) 
the 2-back task (high working-memory load condition) was realized. This paradigm has 
reliably and validly been employed in establishing cerebral activity patterns in the 
prefrontal cortex in relation to increasing working-memory load in fMRI research.17,18 The 
2-back task places a large demand on a number of key processes within working memory. 
The 0-back task has regularly been used as control condition to measure attention and 
alertness without working-memory load. Since the aim of our study was to specifically 
investigate the effects of working-memory load, and cognitive processes are uncontrolled 
during resting periods, we decided to use 0-back as control situation instead of rest.
 Prior to both conditions, participants practiced the task for one minute and received 
feedback about their performance. Both conditions were preceded by a baseline period of one 
minute, during which a black fixation cross was displayed at the center of the 15 inch screen. 
Both conditions consisted of 60 trials, 17 of which were target trials. In each trial, a letter that 
was randomly selected from a set of 20 consonants was presented in black on a light gray 
background with a presentation time of 500 ms. Interstimulus interval was 3000 ms. During 
each trial, participants indicated whether the stimulus was a target by pressing the button 
under the right index finger, or a non-target by pressing the button under the right middle 
finger (PST Serial Response Box, Psychology Software Tools Inc., PA, USA). In the 0-back condition, 
the letter ‘X’ was defined as target. In the 2-back condition, the target was any letter that 
was identical to the letter presented two trials before, while the letter ‘X’ was no longer shown.
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Data acquisition
We used a continuous-wave NIRS device (Oxymon Mk III, Artinis Medical System, The 
Netherlands), using light of three wavelengths (765, 857, 859 nm), to monitor concentration 
changes in cortical oxygenated hemoglobin ([O
2
Hb]) and deoxygenated hemoglobin 
([HHb]) with high temporal resolution. The principle behind fNIRS is that near-infrared 
light penetrates the skull and brain and is absorbed by the chromophores O
2
Hb and HHb, 
which have different absorption spectra. Assuming constant scattering19 and by using the 
modified Lambert-Beer Law, it is possible to calculate the concentration changes of these 
chromophores in the penetrated brain tissue based on changes in the detected light 
intensity. Both increases in [O
2
Hb] and decreases in [HHb] are indicators of cortical 
activation. Concentration changes in total hemoglobin ([tHb]), defined as the sum of 
changes in [O
2
Hb] and [HHb], represent an indicator of alterations in total blood volume.
In the present study, two pairs of optodes were bilaterally attached to the forehead and 
were tightly fixed in a customized headband (Spencer technologies, Seattle, WA). The 
detection optodes were placed 25-30 mm above the midpoint of the eyebrow, at 
approximately FP1 and FP2 according to the international 10-20 electrode system. The 
emission optodes were laterally placed at approximately F7 and F8. The emitter-detector 
spacing was 50 mm to minimize contamination from the extra-cerebral circulation and 
maximize signal intensity.20,21 The differential pathlength factor (DPF), which accounts for 
the increased distance traveled by light due to scattering, is age-dependent.22 For the 
young adults, DPF was calculated by the formula: 4.99 + 0.067×Age0.814. At present 
however, no data are available on the actual variation of DPF in adults aged above 
50 years. Therefore, the DPF was set to 6.61, corresponding to age 50, in the older adults.22,23
 Blood pressure (BP) was measured simultaneously using a photoplethysmography 
cuff on the index or middle finger of the left hand of the participant (Finometer, Finapres 
Medical Systems, the Netherlands). A three-lead ECG was recorded for measurement of 
the R-R interval.
Data processing
BP, ECG, [O
2
Hb], [HHb] and [tHb] were simultaneously recorded with a sample frequency 
of 125 Hz. Analyses were performed with MATLAB (MathWorks, MA, USA). Samples 
obtained from the left and right fNIRS channels were averaged for each time point. From 
the BP recordings, mean beat-to-beat blood pressures were extracted.
 Mean baseline values of [O
2
Hb] and BP were calculated over the last 20 s of the 
pre-task baseline period. To establish the hemodynamic and systemic responses to 
cognitive performance, mean values of [O
2
Hb] and BP were calculated over 180 s of the 
0-back and 2-back task period, respectively. The first three trials (all non-targets) of both 
conditions were excluded from data analyses.
 Beat-to-beat changes in mean BP, [O
2
Hb], [HHb] and [tHb] were aligned with the time 
of the R wave peak of the ECG. The time series were cubically interpolated at 1 Hz to 
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obtain uniformly spaced time series for spectral and transfer function analysis. The signals 
were linearly detrended, and were filtered using a Butterworth high-pass filter with a 
cutoff frequency of 0.02 Hz. Spectral analysis was performed on 180-second data 
segments of BP, [O
2
Hb], [HHb] and [tHb] of both the 0-back and 2-back tasks. Spectral 
estimation was based on the Welch algorithm.24 Spectral estimates were determined as 
the average of 50-second windows, overlapping by half. In this way, each data segment 
contains at least one full period of oscillations at the lowest frequency (0.02 Hz). The 
following frequency ranges were chosen for spectral analysis: very-low-frequency (VLF; 
0.02 – 0.07 Hz), low-frequency (LF; 0.07 – 0.2 Hz), and high-frequency (HF; 0.2 – 0.35 Hz).
 The relationship between oscillations of BP and [O
2
Hb] was studied by means of transfer 
function analysis. The parameters gain, phase and coherence were estimated using the 
cross-spectral method which has been described in detail previously.21,25-27 Fast Fourier 
transforms were implemented with each Hamming-windowed segment and averaged to 
quantify the transfer function.
 It should be noted that the downstream [O
2
Hb] oscillations are related to BP oscillations, 
and are also influenced by the relationship between oscillations of BP and upstream 
cerebral blood flow in conduit and resistance vessels, which is subject to continuous 
cerebral autoregulatory action. Thus, in short, the parameter gain quantifies how the 
amplitudes of the oscillations in BP are transmitted to the oscillations of [O
2
Hb]; a lower 
gain implies that these oscillations are reduced by efficient dynamic cerebral 
autoregulation, or might reflect enhanced metabolic reserve or enhanced diffusion of 
oxygen.21 The phase shift describes the time relationship between oscillations of BP and 
[O
2
Hb] and may reflect cerebral autoregulatory action and circulatory transit times.28 
Coherence indicates the linearity of the relation between BP and [O
2
Hb] oscillations. 
Coherence approaching unity suggests a linear relationship, while coherence approaching 
zero suggests no relationship between the signals, severe extraneous noise, or a non-linear 
relationship. Data with coherence ≤ 0.1 for VLF were excluded from analysis; data with 
coherence > 0.1 < 0.4 in VLF were not rejected if corresponding coherence in LF was > 0.4. 
This threshold of 0.1 was chosen because a higher threshold for VLF would lead to a biased 
rejection of estimates of gain and phase. With active and intact cerebral autoregulation 
coherence values will be by definition low in the VLF range where cerebral autoregulation 
is most active.29
 Accordingly, data from 12 young and 13 older adults were included for transfer 
function analysis in the VLF range, and data from 14 young and 12 older adults for analysis 
in the LF range. Because the coherence between BP and [O
2
Hb] oscillations in the HF 
range approached zero in almost half of the participants, no analyses were performed in 
this frequency range. Transfer function analysis was not applied to the relationship 
between BP and [HHb], since oscillations of [HHb] are too weak for a reliable calculation of 
transfer function estimates.
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Statistical analysis
Statistical analysis was performed using PASW Statistics software version 18.0 (SPSS Inc., 
Chicago, IL, USA). Statistical significance was set at an alpha of .05. Data are presented as 
mean ± SD. Shapiro-Wilk tests indicated that the power spectral data were not normally 
distributed. Accordingly, the power spectral data were log transformed before statistical 
testing. For the transfer function estimates, the assumption of normality was met (Shapiro- 
Wilk). Comparisons between the young and older adults groups, and between the high 
working-memory load condition and control condition were made using repeated- 
measures ANOVA. Significant main and interaction effects were further analyzed by 
means of planned contrasts.
Results
Representative oscillations of BP and [O
2
Hb] during task performance are presented in 
Figure 1. Table 1 shows the averaged spectral power peaks in the VLF, LF and HF range in 
young and older adults during 0-back and 2-back performances.
Figure 1  Beat-to-beat time series of mean blood pressure (BP) and oxygenated hemoglobin 
([O
2
Hb]) from a representative young participant (A) and an older participant (B) during 
baseline and 0-back performance. The dashed line marks the start of the task. Note that in 
the lower panel high-frequency oscillations of blood pressure are clearly visible.
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Cerebral hemodynamic measurements
During 0-back performance, mean [O
2
Hb] increased in comparison to baseline 0.32 ± 0.25 
µmol/L in older adults (F
(1,13)
 = 23.13, p < .001). No significant change of [O
2
Hb] was detected 
during 0-back performance in young adults (0.19 ± 0.46 µmol/L; (F
(1,13)
 = 2.32, p = .151)). 
Mean [O
2
Hb] changes from baseline did not differ between groups (F
(1,26)
 = 0.94, p = .341).
 During 2-back performance, mean [O
2
Hb] increased in comparison to baseline 0.34 ± 
0.43 µmol/L in young adults (F
(1,13)
 = 8.75, p = .011), and 0.61 ± 0.23 µmol/L in older adults 
(F
(1,13)
 = 99.61, p < .001). Mean [O
2
Hb] changes from baseline marginally differed between 
groups (F
(1,26)
 = 4.19, trend: p = .051).
Spectral analysis of cerebral oscillations
Figure 2 demonstrates that the magnitude of VLFOs in [O
2
Hb] and [tHb] is influenced by 
both age and working-memory load. VLFOs of [O
2
Hb] (F
(1,26)
 = 9.70, p = .004) and [tHb] 
(F
(1,26)
 = 13.18, p = .001) were stronger in young adults compared to older adults during 
the control condition. Power of VLFOs of [O
2
Hb] was reduced by 23.4 % with increased 
Table 1   Averages (mean ± standard deviation) of spectral power peaks in the  
different frequency bands in young and older adults during 0-back and 2-back 
performances.
0-back Young adults Older adults
Frequency (Hz)
BP VLF 0.044 ± 0.009 0.045 ± 0.016
BP LF 0.097 ± 0.021 0.102 ± 0.023
BP HF 0.282 ± 0.008 0.278 ± 0.010
[O
2
Hb] VLF 0.041 ± 0.011 0.044 ± 0.017
[O
2
Hb] LF 0.096 ± 0.012 0.088 ± 0.011
2-back
Frequency (Hz)
BP VLF 0.039 ± 0.011 0.045 ± 0.012
BP LF 0.101 ± 0.026 0.099 ± 0.014
BP HF 0.278 ± 0.031 0.270 ± 0.030
[O
2
Hb] VLF 0.040 ± 0.011 0.039 ± 0.014
[O
2
Hb] LF 0.094 ± 0.015 0.097 ± 0.023
Note. Subjects were left out of the calculation of the average spectral power peak if they did not show a clear 
peak in that particular frequency band. No clear peaks were found for HFOs of [O
2
Hb]. BP = Blood Pressure; 
[O
2
Hb] = concentration changes in oxygenated hemoglobin; VLF = very-low-frequency range (0.02 – 0.07 
Hz); LF = low-frequency range (0.07 – 0.2 Hz); HF = high-frequency range (0.2 – 0.35 Hz).  
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working-memory load in young adults (F
(1,13)
 = 8.07, p = .014), and became similar to the 
magnitude of VLFOs in older adults (F
(1,26)
 = 4.09, p = .053). Power of VLFOs of [tHb] declined 
22.5 % with increased working-memory load in young adults (F
(1,13)
 = 5.30, p = .039), and 
became similar to the magnitude in older adults (F
(1,26)
 = 1.67, p = .208). VLFOs of [HHb] 
were not influenced by cognitive load or age.
Figure 2  Spectral power of very-low-frequency oscillations in blood pressure and cortical 
hemoglobin in young and older adults during 0-back and 2-back performances. Bar graphs 
show the untransformed power spectral density values (mean ± standard deviation) for 
oscillations in blood pressure (A), oxygenated hemoglobin (B), deoxygenated hemoglobin 
(C) and total hemoglobin (D) in the very-low-frequency range (VLF = 0.02 – 0.07 Hz). 
Note however, that statistical analysis has been performed on log transformed data. *p < .05, 
**p < .005.
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 The spectral power of LFOs and HFOs of [O
2
Hb], [HHb], and [tHb] was not influenced 
by differences in cognitive load, but overall declined with age (Table 2).
Systemic measurements
Mean BP was higher in older adults than in young adults in all conditions. In comparison 
to baseline measurements, BP rose slightly under high working-memory load in young 
(4.3 ± 4.4 mmHg, F
(1,13)
 = 13.39, p = .003) and older adults (5.9 ± 5.0 mmHg, F
(1,13)
 = 19.51, 
p = .001), but the increase did not differ between groups (F
(1,26)
 = 0.83, p = .371).
Table 2   Spectral power of low- and high-frequency oscillations of blood pressure  
and cortical hemoglobin in young and older adults during 0-back and 2-back 
performances. 
0-back Young adults Older adults
BP LF (mmHg2)  4.4840 ± 2.9861 1.6832 ± 1.4272**
BP HF (mmHg2) 0.4400 ± 0.3086 0.6318 ± 0.6100
[O
2
Hb] LF ((µmol/L)2) 0.0175 ± 0.0135 0.0037 ± 0.0038**
[O
2
Hb] HF ((µmol/L)2) 0.0007 ± 0.0003 0.0002 ± 0.0002**
[HHb] LF ((µmol/L)2) 0.0038 ± 0.0048 0.0007 ± 0.0007**
[HHb] HF ((µmol/L)2) 0.0002 ± 0.0001 0.0001 ± 0.0000**
[tHb] LF ((µmol/L)2) 0.0084 ± 0.0058 0.0019 ± 0.0016**
[tHb] HF ((µmol/L)2) 0.0007 ± 0.0005 0.0002 ± 0.0002*
2-back
BP LF (mmHg2)  4.5353 ± 3.3221 1.6222 ± 1.0363**
BP HF (mmHg2) 0.4464 ± 0.3384 0.5888 ± 0.6532
[O
2
Hb] LF ((µmol/L)2) 0.0155 ± 0.0110 0.0036 ± 0.0022**
[O
2
Hb] HF ((µmol/L)2) 0.0007 ± 0.0006 0.0003 ± 0.0004*
[HHb] LF ((µmol/L)2) 0.0026 ± 0.0027 0.0006 ± 0.0005**
[HHb] HF ((µmol/L)2) 0.0002 ± 0.0002 0.0001 ± 0.0001*
[tHb] LF ((µmol/L)2) 0.0081 ± 0.0066 0.0025 ± 0.0018**
[tHb] HF ((µmol/L)2) 0.0007 ± 0.0006 0.0004 ± 0.0008
Note. For clarity, untransformed power spectral density values (mean ± standard deviation) are reported in 
the table. Note however, that statistical analysis has been performed on log transformed data. *p < .05,  
**p < .005. BP = Blood Pressure; [O
2
Hb], [HHb], [tHb] = concentration changes in oxygenated, deoxygenated 
and total hemoglobin, respectively; LF = low-frequency range (0.07 – 0.2 Hz); HF = high-frequency range  
(0.2 – 0.35 Hz).  
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Spectral analysis of systemic oscillations
In the control condition, VLFOs of BP were equal in power for young and older adults 
(Figure 2). However, high working-memory load resulted in a power decline of 24.0 % 
in young adults (F
(1,13)
 = 13.78, p = .003), while in older adults the VLFOs did not change 
(F
(1,13)
 = 2.26, p = .156). The spectral power of LFOs of BP was not influenced by cognitive 
load, but declined with age. HFOs of BP were not affected by either working-memory 
load or age (Table 2).
Relationship between cerebral and systemic oscillations
Figure 3 gives an overview of the transfer function parameters phase, gain and coherence 
for oscillations of BP and [O
2
Hb] in the VLF (left panel) and LF range (right panel) during 
0-back and 2-back performances. No within- or between-group differences were found 
for transfer function parameters phase and coherence. In the VLF range, phase shift was 
on average slightly negative, but varied largely across participants; BP oscillations followed 
[O
2
Hb] oscillations in some participants, while they led [O
2
Hb] oscillations in others. In the 
LF range, BP oscillations led [O
2
Hb] oscillations in all participants. Coherence values 
between BP and [O
2
Hb] oscillations were as follows: in young adults 0.46 ± 0.22 (0-back) 
and 0.51 ± 0.20 (2-back) in the VLF range, and 0.62 ± 0.16 (0-back) and 0.65 ± 0.14 (2-back) 
in the LF range; in older adults 0.59 ± 0.18 (0-back) and 0.58 ± 0.16 (2-back) in the VLF 
range, and 0.61 ± 0.18 (0-back) and 0.64 ± 0.15 (2-back) in the LF range (Figure 3).
 For the parameter gain, we found an age effect in the VLF range (F
(1,23)
 = 5.35, 
p = .030) and LF range (F
(1,24)
 = 7.24, p = .013). Further testing revealed this effect was only 
present for the 2-back task (VLF range (F
(1,23)
 = 5.15, p = .033); LF range (F
(1,24)
 = 8.75, 
p = .007)). However, no significant effects of working-memory load or interaction effects 
between working-memory load and age were present, which indicates that possible age 
effects on gain did not significantly differ between the different levels of working-memory 
load. Therefore, we conclude that there is no clear effect of age on gain.
 Taken together, the results of transfer function analysis show a clear relationship 
between systemic and cerebral oscillations. This relationship displays the known properties 
of cerebral autoregulation. We found no overall effects of age and working-memory load 
on the relationship between BP and [O
2
Hb] oscillations.
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Figure 3  Transfer function analysis of oscillations in blood pressure and oxygenated 
hemoglobin in young and older adults during 0-back and 2-back performances. Bar graphs 
show the values (mean ± standard deviation) of phase (A, B), gain (C, D), coherence (E, F) 
for oscillations in the very-low-frequency range (VLF = 0.02 – 0.07 Hz) and low-frequency 
range (LF = 0.07 – 0.2 Hz). *p < .05.
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Discussion
The aim of our fNIRS study was to examine interaction effects of age and cognitive load 
on VLFOs (0.02 – 0.07 Hz), LFOs (0.07 – 0.2 Hz), and HFOs (0.2 – 0.35 Hz) of cerebral 
hemodynamics and BP. In young adults, increased working-memory load resulted in a 
reduction of VLFOs of cerebral hemodynamics and BP. Moreover, our study shows that 
VLFOs, LFOs, and HFOs of cerebral hemodynamics declined with aging. BP oscillations in 
the LF range also declined with aging. Transfer function analysis identified a relationship 
between BP and [O
2
Hb] oscillations. Furthermore, it demonstrated that this relationship 
did not change under influence of age or cognitive load.
 The present study is the first to utilize fNIRS to investigate the effects of cognitive load 
on slow oscillations in cerebral hemodynamics in both young and older adults. Our results 
are in agreement with the studies of Obrig et al.6 and Schroeter et al.8. From these studies 
and the current study, it can be concluded that VLFOs are affected by functional 
stimulation and that LFOs decrease in amplitude with age. Schroeter et al.8 reported that 
the power spectral density peak in the VLF range in their study corresponded to the 
duration of the functional stimulation cycle. In our study, task duration was 180 seconds. 
Hence, our results on VLFOs cannot be attributed to the frequency or duration of stimulus 
presentation.
 The second aim of our study was to examine the effects of age and cognitive load on 
BP oscillations. Our results showed that increased cognitive load resulted in systemic 
changes; BP increased slightly in both young and older adults, and VLFOs of BP reduced in 
amplitude in young adults. We performed transfer function analysis to investigate the 
relationship between BP and [O
2
Hb] oscillations in the VLF and LF range. In accordance 
with the literature, the coherence between BP and [O
2
Hb] oscillations was found to be 
large.6,30 Phase shifts in the VLF range approached zero, but, consistent with other studies, 
the standard deviations were very large in both groups. The study of Pfurtscheller et al.30 
showed that phase shifts between cardiovascular oscillations and cerebral hemodynamic 
oscillations vary largely across individuals, but are relatively stable within one individual. In 
general, phase relationships have been more widely studied between BP and cerebral 
blood flow velocity (CBFV), with fewer studies also including [O
2
Hb] (e.g., 21). Due to effects 
of cerebral autoregulation, CBFV oscillations lead BP oscillations in the VLF range and, to a 
lesser extent, in the LF range, and they are in phase in the HF range. Because of the time 
delay between changes in CBFV and changes in [O
2
Hb], this pattern differs for phase shifts 
between BP and [O
2
Hb]; in the VLF range, where CBFV leads BP, oscillations in [O
2
Hb] 
become more or less in phase with BP due to the delay in [O
2
Hb]. This may result in the 
large variation around zero we found in our study. In the LF range, our results showed that 
BP oscillations lead [O
2
Hb] oscillations, which is in agreement with previous studies.6,21,28 In 
accordance with the results of Phillip et al.31 we did not find a clear effect of age on gain 
between BP and [O
2
Hb] oscillations. Taken together, we conclude that the relationship 
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between BP and [O
2
Hb] oscillations (cerebral autoregulation) was not affected by cognitive 
load and age.
 We observed that both VLFOs of cerebral hemodynamics and BP declined by a similar 
magnitude with cognitive load in young adults. In view of the established relationship 
between BP and cerebral oscillations using transfer function analysis, this observation 
suggests – but does not prove – that this decrease in VLFOs is explained by the decrease 
in VLFOs of BP. In turn, this speculatively implies a systemic effect of cognitive load, 
possibly due to activation of the autonomic nervous system. However, in the older 
subjects, alterations in cerebral hemodynamic oscillations appeared less clearly dependent 
on BP oscillations. The origins of the slow hemodynamic oscillations are under debate and 
to date largely unclear (see, e.g., 32). They may reflect either vasomotion or Mayer waves, 
which represent distinct but related phenomena. Vasomotion refers to tone oscillations in 
microvascular smooth muscle cells, resulting in spontaneous variation of the vascular 
diameter.33 Mayer waves are defined as spontaneous oscillations in arterial BP, representing 
feedback oscillations of the baroreflex loop modulated by the sympathetic nervous 
system.34 Previous studies have made a distinction between VLFOs and LFOs of cerebral 
hemodynamics, although no agreement exists on the frequency ranges. Therefore, it is 
unclear how power changes in the different frequency bands are linked to specific 
underlying physiological mechanisms. It has been proposed, however, that slow wave 
vasomotion (VLFOs) originates from the large arterioles (50-100 µm), whereas fast wave 
vasomotion (LFOs and HFOs) arises from terminal arterioles.35 Neurogenic innervation 
occurs in the large arterioles, while the terminal arterioles lack such a neural supply.9 Aging 
is accompanied by a degeneration of structure and function of the cerebral vasculature.10 
Schroeter et al.8 therefore hypothesized that a reduction of LFOs with aging suggests a 
decline in the activity of the microvascular smooth muscle cells together with increased 
vessel stiffness. Our data are in line with this interpretation, since we found an aging-related 
reduction of VLFOs, LFOs, and HFOs of cerebral hemodynamics. Furthermore, our results 
showed that VLFOs varied in power with cognitive load in young adults, but not in older 
adults. Since VLFOs may originate from large arterioles for which neurogenic innervation 
was shown, we speculate that the contribution of neurogenic activity to the regulation of 
regional cerebral blood flow is relatively lower in elderly, presumably due to vessel 
stiffness.
 For the HF range, we observed an aging-related decline of cerebral hemodynamic 
oscillations. Furthermore, it can be noticed that the spectral power peaks of BP in the HF 
range coincide with the frequency of stimulus presentation, which was approximately 
0.28 Hz. No clear peaks in the HF range could be detected for [O
2
Hb] oscillations, which is 
likely related to the inherently lower power of this signal. Respiratory cycles are a main 
contributor to HFOs of BP and cerebral hemodynamics. Additionally, the motor response 
may influence the HFOs via two mechanisms, although with a latency of several 
seconds.30,36,37 First, neocortical structures involved in movement execution initiate heart 
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rate changes via brainstem cardiovascular nuclei.38 Second, the reafferent input from the 
kinesthetic receptors evoked by the button press elicits a BP response.39 Taken together, 
when the influence of respiration and motor execution is taken into account, it is plausible 
that participants were breathing in synchrony with stimulus presentation or button 
pressing. This may have influenced the results on HFOs of BP and cerebral hemodynamics.
 Task-evoked systemic changes may confound the fNIRS signal.40 A major challenge 
for signal analysis is to separate these systemic changes from the hemodynamic changes 
that are related to neural activity. Katura et al.4 quantified the contribution of systemic 
signals to LFOs (0.04-0.15 Hz) in cerebral hemodynamics under rest. Using transfer entropy 
for analysis, they found that the contribution of systemic signals to LFOs of [O
2
Hb] was 
35 %; 20 % could be attributed to heart rate, 5 % to BP, while their common contribution 
was 10 %. For LFOs of [HHb] this was 7 %; 5 % could be attributed to heart rate, 1 % to BP, 
while their common contribution was 1 %. Katura et al.4 concluded that the origin of LFOs 
in cerebral hemodynamics may lie in the regulation of regional cerebral blood flow and 
energetic metabolism rather than due to the systemic regulation of the cardiovascular 
system. Task-evoked systemic fluctuations may however be substantial and may mask 
cerebral hemodynamic changes or lead to false positive findings.14,41-43
 Several methods have been proposed to separate systemic contributions to the fNIRS 
signal from local cerebral hemodynamic contributions and these have been summarized 
in the paper of Kirilina et al.43 Methods include for example short-separation measurement 
to estimate extracranial contribution,44 statistical parametric mapping with the inclusion 
of systemic variables as regressors,45 or independent component analysis.46,47 Our current 
study not only stresses the importance of taking systemic variables into account in fNIRS 
signal analysis, but also indicates that the factors cognitive load and aging influence both 
systemic and cerebral hemodynamic contributions.
 We recognize some limitations of our study. First, respiration was not recorded in this 
study. The observed HF spectral power peaks suggest that participants were breathing in 
synchrony with stimulus presentation or button pressing. For future research it is 
recommended to monitor respiration, or end tidal CO
2
, to control for task induced changes 
in respiration, or hyperventilation. Second, the exact moment of a button press was not 
marked in the recorded signals. Therefore, we were not able to calculate the move-
ment-triggered BP and heart rate fluctuations. However, the design of our study may not 
have allowed such a calculation due to the latency of the BP response. Third, we cannot 
quantify the exact contribution of systemic noise to the fNIRS signals. Transfer function 
analysis showed a relationship between BP and [O
2
Hb] oscillations, but the extent of the 
contribution remains unclear. Methods that are being used to separate systemic 
contributions to the fNIRS signal from local cerebral hemodynamic contributions have 
been mentioned above. For future research it is recommended to gain more insight in the 
sources of noise by for example co-registering skin blood flow.
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 The application of spectral analysis to study spontaneous oscillations in elderly may 
be useful for clinical practice. Previous studies demonstrated reduced spontaneous 
oscillations in patients with cerebral infarction,48 people at risk for atherosclerotic stroke,49 
and people with cerebral microangiopathy,50 indicating vascular alterations such as vessel 
stiffness. Moreover, Schroeter et al.50 found that changes in the amplitude of the oscillations 
were tightly related to arterial hypertension and neuropsychological deficits. Hence, 
spectral analysis, next to time course analysis, of the cerebral hemodynamic signal may 
be useful for early detection of vascular dementia or stroke.
 To summarize, our fNIRS study showed that slow oscillations of cerebral hemodynamics 
and BP decline with aging. VLFOs are influenced by cognitive load in young adults, but 
not in older adults. These findings are presumably due to aging-related changes in the 
microvasculature such as vessel stiffness. Moreover, our results indicate that not only local 
vasoregulatory processes, but also systemic processes influence the cerebral hemodynamic 
signals. To conclude, the effects of age and BP should be taken into account in the analysis 
and interpretation of neuroimaging data that rely on blood oxygen levels.
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Summary
The primary aim of this thesis is to gain insight into the compensatory mechanisms of the 
prefrontal cortex in normal aging and mild cognitive impairment. The main body of this 
thesis is divided in three parts, which all describe components of the primary aim. The first 
part of the thesis investigates aging-related changes in functional brain activation during 
working-memory performance. The second part examines cognitive plasticity both in 
healthy older adults, and in older adults with mild cognitive impairment. The third part 
establishes aging-related neurovascular changes that are reflective of cerebral vascular 
function and may thereby influence functional brain activation.
This chapter provides a summary of the findings presented in this thesis, followed by a 
general discussion.
Chapter 1. This chapter introduced two models that explain how adverse and favorable 
influences on brain structure and brain function over the life course result in varying levels 
of cognitive function across older individuals: The Scaffolding Theory of Aging and 
Cognition and the cognitive reserve model. Central to these models is the concept of 
‘compensation’, which refers to recruitment of additional neural circuits by the aging brain 
in order to preserve cognitive function. Over-recruitment of the prefrontal cortex in older 
adults has consistently been reported in the neuroimaging literature. In order to gain a 
better understanding of prefrontal over-recruitment, our aim was to study the cognitive 
load-brain activation curve in relationship with behavioral performance. The Compensa-
tion-Related Utilization of Neural Circuits Hypothesis was introduced in this chapter, which 
forms the basis for hypotheses in this thesis. Another aim of this thesis was to investigate 
whether prefrontal compensatory mechanisms can enhanced by cognitive training. 
Recent developments in the field of cognitive training research were discussed; although 
the claims of the brain training industry are frequently exaggerated, there is scientific 
evidence for retained cognitive plasticity in healthy aging individuals and patients with 
mild cognitive impairment (MCI), suggesting that they may benefit from cognitive training. 
Finally, the principles behind functional Near-Infrared Spectroscopy (fNIRS), the neuro - 
imaging method utilized in this thesis, were briefly described.
Part I: Neural correlates of working-memory performance in  
healthy older adults
Chapter 2. In order to gain insight into changes in task-related prefrontal activation that 
are due to normal aging, in this chapter, we compared prefrontal activation patterns 
between 17 healthy young adults (aged 21-32 years) and 17 healthy older adults (aged 
64-81 years). Working memory (WM) is particularly sensitive to aging-related decline and 
therefore, we selected a verbal WM task (n-back) with varying levels of WM load. No 
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studies utilizing fNIRS to study the relationship between prefrontal activation and WM 
load in older adults had been published before. Therefore, a secondary aim was to 
examine whether findings from fMRI studies could be reproduced. The results showed 
that high WM load resulted in worse performance compared to low WM load in older 
adults, but young participants were able to maintain their performance level. In both 
groups, prefrontal activation increased with rising WM load. Activation patterns differed 
between groups; older adults showed reduced prefrontal activation at low and high WM 
load in comparison to young adults. In addition, young adults showed slight right- 
hemispheric dominance at low WM load, but bilateral activation at high WM load, while 
older adults showed bilateral activation at all conditions. Participants performed the tasks 
for a prolonged period of time. Analysis of the time-activation curve during the high WM 
load condition revealed a continuous increase of the hemodynamic response in the 
young. In contrast, activation leveled off in the older participants. Based on these results, 
we concluded that young adults may be better able to keep the prefrontal cortex recruited 
over a prolonged period of time. Older adults may need to recruit both hemispheres 
already at low levels of WM load, possibly in an attempt to compensate for the observed 
aging-related decline in performance.
Chapter 3. To get a better understanding of bilateral prefrontal activation in healthy older 
adults, as we found in chapter 2, in this chapter, we examined how the relationship 
between prefrontal activation and behavioral performance is modulated by different 
levels of WM load. Eighteen healthy older adults (aged 64-81 years) performed a spatial 
WM task (n-back), and the group was divided into low and high performers. We found an 
interaction effect of performance level and hemisphere on [O2Hb] increase, suggesting 
stronger activation of the right prefrontal cortex in high performers in comparison to low 
performers under high cognitive demand. In addition, correlations between WM load- 
dependent changes in [O
2
Hb] and task performance were calculated. Whole-group 
analysis demonstrated that individuals with a larger decline in performance between the 
control condition and the high WM load condition had a larger WM load-dependent 
increase of [O
2
Hb] in the left prefrontal cortex. Subgroup analyses revealed that high 
performers did not show correlations. In contrast, low performers with a larger decline in 
performance had a larger bilateral increase of [O
2
Hb] and most prominently in the left 
prefrontal cortex. Taken together, this chapter showed that increased bilateral prefrontal 
activation may not necessarily result in better cognitive performance. Individual behavioral 
performance should be taken into account to be able to distinguish successful and 
unsuccessful compensation or declined neural efficiency. These performance-specific 
findings may indicate that the commonly observed bilateral prefrontal activation pattern 
may in fact obscure the heterogeneity in activation patterns in older adults and may lead 
to invalid generalizations.
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Part II: Cognitive training in healthy older adults and mild cognitive 
impairment
Chapter 4. Evidence exists for cognitive plasticity in older adults without cognitive deficit 
and older adults with MCI. It is plausible that interventions that are aimed at improving 
cognitive function, may stimulate (prefrontal) compensatory activation. Prefrontal 
recruitment may play a role in individual differences in responsiveness to cognitive 
training. Therefore, in chapters 4 and 5, we investigated the effects of WM training on, 
respectively, cognitive performance and prefrontal activation. A secondary aim in these 
chapters was to identify participant characteristics that may be predictive of WM training 
gain. In chapter 4, we explored the transfer effects of an online five-week adaptive WM 
training on the WM domain and other cognitive domains in 23 healthy older adults (aged 
63-81 years) and 18 patients with amnestic MCI (aged 59-85 years). WM plays a central role 
in cognitive functioning. Hence, training of this core cognitive process may increase the 
likelihood of transfer effects. After training, both groups showed improved performance 
on trained and untrained tasks within the WM domain. These gains were maintained at 
3-month follow-up. At an individual level, a limited number of participants showed reliable 
training gain. Healthy older adults, and to a lesser extent MCI patients, additionally 
improved on one far-transfer task at group level, but not at individual level. We concluded 
that WM training did not result in broad generalization to cognitive domains other than 
WM. Furthermore, global brain atrophy and hippocampal atrophy, as assessed by MRI, 
were identified as individual factors that may negatively affect training outcome. Finally, 
this chapter showed that computerized cognitive training is well-feasible in healthy older 
adults and MCI patients.
Chapter 5. In chapter 4, it was found that WM training may result in improved WM 
performance in normal aging and MCI, yet little is known about the neural correlates of 
cognitive plasticity. In chapter 5, fNIRS was used to assess prefrontal activation during 
verbal WM performance (n-back) in 21 healthy older adults (aged 63-81 years) and 14 
patients with amnestic MCI (aged 59-72 years) before and after five weeks of computerized 
WM training. After training, healthy older adults demonstrated unchanged behavioral 
performance and decreased prefrontal activation at high WM load, which may indicate 
increased processing efficiency. Although MCI patients showed improved behavioral 
performance at low WM load after training, no evidence was found for training-related 
changes in prefrontal activation. Whole-group analyses showed that, in line with the 
CRUNCH model presented in chapter 1, a ‘youth-like’ pattern of prefrontal activation at 
older age (also in MCI) seems to be beneficial for behavioral performance and behavioral 
training gain; relatively stronger prefrontal recruitment at high WM load was related to 
higher gain. This may imply that older persons with a ‘youth-like’ brain response might 
demonstrate larger cognitive plasticity. In contrast, relatively stronger prefrontal 
recruitment at low WM load was related to worse behavioral outcome. Hence, these 
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activation increases may be attributed to inefficient processing or unsuccessful prefrontal 
compensation.
Part III: Cerebral hemodynamic changes in aging
Chapter 6. In chapters 2, 3 and 5, fNIRS was used to determine concentration changes of 
hemoglobin, as indicator of cortical activation. The aim of chapter 6 was to gain more 
insight into the cerebrovascular function of older adults and this chapter was therefore 
focused on the oscillatory nature of the fNIRS signal. Aging is accompanied by a 
degeneration of the vascular system, which may compromise regional cerebral blood 
flow and vasoregulatory capacity, and may consequently contribute to suboptimal 
cognitive performance. Vascular degeneration may be reflected in a reduction of the 
spontaneous slow oscillations that occur in cerebral hemodynamics and blood pressure 
(BP). Fourteen healthy young (aged 23-32 years) and 14 healthy older adults (aged 64-78 
years) performed a verbal WM task (n-back) in order to establish the dependency of slow 
oscillations of cerebral hemodynamics and BP on the factors age and cognitive load. We 
found that very-low-frequency oscillations (0.02-0.07 Hz) and low-frequency oscillations 
(0.07-0.2 Hz) of cerebral hemodynamics and BP were reduced in the older adults compared 
to young adults during task performance. In young adults, very-low-frequency oscillations 
of cerebral hemodynamics and BP reduced with increased cognitive load. Cognitive load 
did not affect low-frequency oscillations of the cerebral hemodynamics and BP. Transfer 
function analysis indicated a clear relationship between BP and cerebral hemodynamic 
oscillations according to the known properties of cerebral autoregulation, which did not 
change under influence of age and cognitive load. Taken together, these results suggest 
aging-related changes in the microvasculature, such as declined spontaneous activity in 
microvascular smooth muscle cells and vessel stiffness. This chapter indicated that in 
addition to local vasoregulatory processes, systemic processes also influence cerebral 
hemodynamic signals, which should be taken into consideration for the analysis and 
interpretation of hemodynamic neuroimaging data.
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General discussion
Prefrontal compensation at older age: Integration of main findings
Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH)
Chapters 2, 3, and 5 showed that prefrontal activation is modulated by working-memory 
(WM) load in healthy older adults; activation increased bilaterally up to 2-back performance 
in the experiments described in these chapters. To further increase cognitive load, a 
3-back condition was added to the experimental paradigm in chapter 5, for which a drop 
in activation was found compared to the 2-back condition. This may suggest that the 
limits of WM capacity were exceeded. The established relationship between WM load and 
prefrontal activation is in agreement with the CRUNCH model,1 which is illustrated in 
Figure 1. The CRUNCH model describes the relationship between cognitive load and 
prefrontal activation by an S-shaped function; as task demands increase, neural  activation 
increases, reflecting the recruitment of additional neural resources, until it reaches a 
plateau level, reflecting the limit of available neural resources. This function has also been 
described by researchers (e.g.,2) as an inverted U-shape, to additionally include the decline 
in activation when cognitive capacity is presumably exceeded, as we found for the 3-back 
Figure 1  A model illustrating the relationship between cognitive load and brain activation 
in young adults, low-performing older adults and high-performing older adults. 
Based on Grady C. The cognitive neuroscience of aging. Nature Rev Neurosci 2012; 13: page 494.
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task. However, the decline in activation in this model does not simply reflect decreased 
recruitment of neural resources; participants may not be fully engaged in task performance 
anymore for periods of time during the measurements, or they may feel stressed. In 
addition, the processing of items that go beyond the cognitive capacity (for example WM 
span) of the participants may interfere with the processing or maintenance of items that 
are within capacity.
 In contrast to our expectations, no clear relationship between WM load and prefrontal 
activation was found in older adults with mild cognitive impairment (MCI). However, 
based on visual inspection of the results, the shape of the activation-load curve seems to 
be compatible with the CRUNCH model (see discussion in chapter 5).
 With respect to the CRUNCH model, we hypothesized that aging would result in a 
leftward shift of the S-shaped function, associated with increased activation at low WM 
load and decreased activation at high WM load. The results of chapter 2 were partially in 
line with this hypothesis. It was observed that prefrontal activation during WM performance 
was bilaterally reduced in healthy older adults compared young adults at all loads. In 
addition, older adults showed bilateral recruitment at all loads, while young adults showed 
slight right-hemispheric lateralization at low WM load and bilateral recruitment at high 
WM load. This pattern is known as ‘Hemispheric Asymmetry Reduction in Older Adults’ 
(HAROLD3). The HAROLD pattern does not require a sharp unilateral versus bilateral 
distinction and it also applies to observations in which activation is bilateral in both 
groups, but less asymmetric in younger adults.
 An important question is whether additional recruitment in the form of bilateral 
prefrontal activation is “required” for cognitive performance, irrespective of age. We 
observed that behavioral performance level declined with increasing WM in older adults 
(chapters 2, 3, 5), and was maintained in young adults (chapter 2), while both groups 
showed bilateral recruitment at high WM load. A few studies have used transcranial 
magnetic stimulation (TMS) to directly investigate whether additional activation is 
compensatory, by temporarily disrupting the function of the involved brain region. In 
episodic memory performance, it is assumed that the left prefrontal cortex is involved in 
memory encoding and the right prefrontal cortex in memory retrieval.4 Rossi et al.5 found 
that in young adults, TMS of the right dorsolateral prefrontal cortex (DLPFC) interfered 
more with memory retrieval than TMS of the left DLPFC. In older adults, retrieval 
performance was affected by TMS of both hemispheres, suggesting that recruitment of 
the left prefrontal cortex indeed had a compensatory role. With respect to memory 
encoding, no aging-related reduction in hemispheric asymmetry was present. Manenti et 
al.6 divided a group of older adults into low and high performers. By means of TMS, they 
showed that low performers recruited the left DLPFC more strongly than the right DPLFC 
during memory encoding, whereas high performers engaged this region bilaterally. In 
addition, both groups showed symmetric prefrontal recruitment during  memory retrieval. 
Taken together, these TMS studies provided evidence for the intact function of the 
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specialized hemisphere as well as the compensatory role of recruitment of the contralateral 
hemisphere in older adults. However, these studies did not link prefrontal recruitment to 
cognitive load, rendering it unclear whether additional recruitment was triggered by a 
mismatch between cognitive processing capacity and task demands.
Successful versus attempted compensation
In chapters 3 and 5, we have established how the load-activation curve was related to 
behavioral performance level in older adults. We found that additional recruitment was 
not necessarily related to better performance. Chapter 3 showed that stronger recruitment 
of the right prefrontal cortex may be beneficial at high WM load. It was furthermore 
demonstrated that low performers, but not high performers, with a larger WM 
load-dependent decline in performance had a larger increase in activation, most 
prominently in the left hemisphere. In chapter 5, no direct relationship was found between 
activation at high WM load and performance level, but stronger bilateral activation at high 
WM load was related to higher behavioral training gain. This effect was most prominently 
present in the right hemisphere when task activation was corrected for activation in the 
control condition. Finally, stronger bilateral activation at low WM load was related to worse 
behavioral performance.
 It may seem conflicting that stronger WM load-dependent recruitment at high WM 
load may be related to both worse performance (chapter 3) and higher training gain 
(chapter 5), but some factors should be taken into consideration. First, the experimental 
paradigm differed between chapters; in chapter 3, older adults performed a spatial n-back 
task for a longer period of time, while in chapter 5, they performed a verbal n-back task in 
repetitive shorter blocks. It is plausible that difficulty level varied between tasks; for 
example, the 2-back condition of the verbal task may not have been equally challenging 
as the 2-back condition of the spatial task. In addition, chapter 3 included a sample of 
healthy older adults, while chapter 5 included healthy older adults as well as patients with 
MCI, resulting in a wider range of behavioral performance levels. Thus, the exact shape of 
the WM load-activation curve may have differed between chapters, since this shape may 
depend on the factors task design, task difficulty and population.7
 Another factor that should be taken into consideration is hemispheric specialization. 
Reuter-Lorenz et al.8 demonstrated that in young adults, activation is predominantly 
left-lateralized for verbal WM, and right-lateralized for spatial WM. In order to determine 
whether bilateral activation facilitates performance, one can make a distinction between 
the role of the specialized hemisphere and that of the contralateral hemisphere. In contrast 
to our expectations, we found slight right-hemispheric instead of left-hemispheric 
lateralization in young adults during verbal WM performance in chapter 2. Of note, some 
studies did not find evidence for the verbal/spatial dissociation in prefrontal activation 
during n-back performance (e.g.,9), and some studies found, in congruence with our study, 
evidence for right-hemispheric lateralization during verbal n-back performance (e.g.,10). 
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Although not reported in this thesis, pilot data revealed that young adults also showed 
slight right-hemispheric lateralization during spatial n-back performance. Hence, the 
classic verbal/spatial dissociation was not clearly present in our data. Therefore, we refrain 
from further interpretation of specific left/right differences in prefrontal recruitment and 
the underlying cognitive operations.
 In all, this thesis showed that prefrontal recruitment is related to behavioral 
performance in older adults. Importantly, it was revealed that over-recruitment is not 
necessarily supportive of better cognitive performance. A ‘youth-like’ activation pattern, 
that is, a relatively small hemodynamic response at low WM load and a relatively large 
hemodynamic response at high WM load, may be beneficial for behavioral performance 
(chapter 3 and 5) and behavioral training gain (chapter 5). In contrast, stronger bilateral 
recruitment at low WM load was related to worse performance (chapter 5). In chapter 3, a 
larger increase in load-dependent activation in the left hemisphere was related to a larger 
decline in load-dependent performance in low performers. Thus, in this case, additional 
recruitment may reflect the use of an ineffective strategy during task performance, or, 
alternatively, insufficient recruitment of the other hemisphere. The results in this thesis 
emphasize that an attempt to compensate may be successful, and leading to enhanced 
performance, or may be unsuccessful, leading to no change in performance or worse 
performance. Cabeza and Dennis2 formulated four criteria necessary for increased 
activation to be labeled as compensatory; two criteria defining attempted compensation 
and two criteria defining the distinction between successful and unsuccessful compensation. 
The criteria are as follows:
1) Attempted-compensation activity has an inverted-U relationship with brain decline
2) Attempted-compensation activity has an inverted-U relationship with task demands
3) Successful-compensation activity is positively correlated with cognitive performance
4) Successful-compensation activity is found in regions whose alteration affects cognitive 
performance in older adults
After reviewing literature in the field of cognitive neuroscience of aging research, it has 
become clear that the concept ‘compensation’ is not well-defined. Therefore, the criteria 
of Cabeza and Dennis2 should be used to generate hypotheses in future studies.
Structural and functional reorganization
One limitation of this thesis is that the hemodynamic response has been established in 
the prefrontal cortex, but not in other brain areas. Thus, we could not evaluate whether 
our findings were in agreement with the commonly found ‘posterior-anterior shift in 
aging’-pattern.11 Although the prefrontal cortex plays a central role in theories of 
compensation, it should be noted that over-recruitment has been linked to aging-related 
changes in structural and functional connectivity. Daselaar et al.12 proposed that greater 
task-related activity in older adults may compensate for a decline in white-matter integrity; 
the less-wiring-more-firing hypothesis. In their DTI study, they found that both within the 
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prefrontal lobe and within the medial temporal lobe, white-matter deficits were directly 
associated with success-related activations during performance of a source-memory task; 
within the prefrontal lobe, reduced integrity of a frontostriatal white-matter tract was 
positively associated with success-related activations in a nearby dorsolateral gray matter 
region, and within the medial temporal lobe, reduced integrity of a temporal lobe tract 
was positively associated with success-related activations in a nearby hippocampal area. 
Davis et al.13 investigated cross-hemispheric prefrontal communication in younger and 
older adults by linking measures of behavior, functional activation, functional connectivity, 
and white matter integrity. In comparison to young adults, older adults showed greater 
contralateral prefrontal recruitment and greater functional connectivity between left and 
right prefrontal areas, which were both positively associated with behavioral performance. 
In addition, white matter integrity in the genu of the corpus callosum predicted both the 
functional connectivity between the complementary regions of prefrontal cortex, as well 
as behavioral performance. These and other studies (e.g.,14,15) combining data from 
different sources have provided insight into the underlying mechanisms of bilateral 
prefrontal recruitment at older age. Taken together, it is relevant to note that aging-related 
changes prefrontal activation that have been attributed to (either attempted or successful) 
compensation in this thesis, may have been accompanied by changes in functional 
connectivity that are also compensatory. In addition, compensation in the aging brain 
may not always occur as a net increase in prefrontal activation, but as an increase in 
functional connectivity.
 Recently, studies have started to explore the effects of aging on functional connectivity 
among regions within the default mode network and task positive network, together 
with the relationship between modulation of connectivity and task performance. 
Spontaneous slow oscillations (< 0.1 Hz) of hemodynamic signals, such as the fMRI BOLD 
signal, correlate well with fluctuations of neural activity, and therefore, this property of the 
BOLD signal has been used to establish functional coupling between brain areas.16 In 
chapter 6, we have established the effects of normal aging and cognitive load on slow 
oscillations of the fNIRS signal in three frequency bands: very-low-frequency (0.02-0.07 
Hz), low-frequency (0.07-0.2 Hz), and high-frequency (0.2-0.35 Hz). In all frequency bands, 
oscillations were reduced in power by age, and it was concluded that this general 
reduction may be attributed to aging-related changes in the microvasculature, such as 
declined spontaneous activity in microvascular smooth muscle cells and vessel stiffness. 
In the very-low-frequency band, power was reduced by increased cognitive load in young 
adults, but not in healthy older adults, and it was hypothesized that the contribution of 
neurogenic activity to the regulation of regional cerebral blood flow may have been 
reduced in older adults. In retrospect, an alternative explanation for this finding could be 
that normal aging is associated with reduced modulation of coupling between brain 
regions within specific functional networks. Of note however, in chapter 6, we additionally 
found a strong coherence between slow oscillations of the fNIRS signal and blood 
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pressure oscillations. This finding makes it implausible that modulation of oscillations in 
the very-low-frequency band could be exclusively attributed to modulation of functional 
coupling.
 Slow oscillations (< 0.1 Hz) occur within the default mode network (DMN) during rest. 
Both adequate suppression of these oscillations within the DMN, as well as increased 
activation in task-related regions are critical for the allocation of the attentional resources 
necessary for the performance of a cognitive task.17 Research suggests that older adults 
show a decreased ability to suppress slow oscillations of the DMN. Sambataro et al.18 
showed that in older adults, slow oscillations (0.03–0.08 Hz) of the BOLD signal were 
reduced in power in posterior regions of the DMN in comparison to young adults. With 
increasing cognitive load (1-back and 2-back versus 0-back), power decreased in both 
groups, but the power attenuation was smaller in older adults. These and other findings 
(for a review see 19) may suggest that aging-related increase of prefrontal activation may 
be compensatory to the decreased suppression of the DMN oscillations. Balsters et al.20 
showed that, in both young and older adults, spectral power of the BOLD signal in 
different functional networks was related to WM performance level. In chapter 6, we did 
not establish the relationship between spectral power and WM task performance. Since 
most fMRI studies analyze spectral power in a rather broad frequency range (0.01-0.1 Hz), 
it is unclear whether findings that relate to task demands or performance level specifically 
cover the very-low-frequency band (0.02-0.07 Hz), for which we found  effects of cognitive 
load and age in chapter 6. However, the study of Han et al.21 is one of the few that has 
investigated resting state BOLD oscillations in smaller frequency bands; 0.01–0.027 Hz and 
0.027–0.073 Hz. It was found that in comparison with healthy older adults, patients with 
amnestic MCI showed abnormalities in the amplitude of the slow oscillations in many 
brain regions, which were associated with specific frequency bands.
 Based on this thesis (chapters 2, 3, 5, 6) and studies discussed in this section, it can be 
hypothesized that combined measure of regional brain activation and spectral power of 
slow hemodynamic oscillations, as indicator of functional connectivity in the default 
mode network and task positive network, may be highly predictive of task performance 
level, both in healthy older adults and patients with amnestic MCI. Specifically, reduced 
task load-induced modulation of DMN oscillations, together with increased activation 
within frontal lobe areas, may be indicative of successful compensation.
Cerebrovascular function: fNIRS methodology
In this thesis, fNIRS was used to assess the task-related hemodynamic response. Validation 
studies have shown that the fNIRS parameters [O
2
Hb] and [HHb] correlate well with the 
fMRI BOLD signal.22,23 In our lab, it was previously assessed that the short-term and 
long-term reproducibility of fNIRS measurements in older adults was good.24 Therefore, 
we are confident that fNIRS is a suitable and reliable method in a single imaging session as 
well as in repeated imaging sessions (chapter 5).
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 In chapter 6, transfer function analysis showed a clear relationship between fluctuations in 
blood pressure and [O
2
Hb], which was not influenced by cognitive load or normal aging. 
It was concluded that not only local vasoregulatory, but also systemic processes may 
influence the cerebral hemodynamic response. This finding leads to the following 
question: To what extent do task-evoked systemic processes contribute to the fNIRS signal 
and in what way can the fNIRS signal be corrected for these systemic  influences? Several 
methods have been proposed to separate systemic contributions to the fNIRS signal, such 
as blood pressure, heart rate and skin blood flow, from local cerebral hemodynamic 
contributions.25 Methods include for example short-separation measurement to estimate 
extracranial contribution,26 statistical parametric mapping with the inclusion of systemic 
variables as regressors,27 adaptive filtering,28 or independent component analysis.29,30 The 
major challenge in separating the different contributions to the measured fNIRS signal is 
the fact that all the task-evoked and non-evoked, local cerebral and systemic hemodynamic 
changes do not take place as separate processes, but form a dynamic network of 
interlinked processes. So far, studies in this field are in an explorative stage, and no 
consensus has been reached yet with respect to the most suitable approach for detecting 
and correcting systemic interference in the fNIRS signal.
 Another main finding in chapter 6 was an aging-related reduction of spectral power 
of [O
2
Hb] oscillations in the very-low-frequency (0.02-0.07 Hz), low-frequency (0.07-0.2 Hz), 
and high-frequency range (0.2-0.35 Hz), as well as an aging-related reduction of spectral 
power of blood pressure oscillations in the low-frequency range. As discussed in the 
previous section (Structural and functional reorganization), this overall reduction may be 
attributed to aging-related changes in the microvasculature, such as vessel stiffness. 
Declined cerebrovascular functioning may lead to impaired cerebral perfusion, and may 
ultimately contribute to impaired cognitive performance.31 The recognition of cerebrovas-
cular risk factors may help to identify individuals who are at risk for cognitive decline. 
Chapter 6 and other studies32-34 suggest that spectral analysis of the fNIRS signal may be a 
sensitive method for early detection of changes in the microvasculature. In our lab, 
simultaneous and continuous measurement of blood pressure (by means of finger pho-
toplethysmography), cerebral blood flow velocity in the middle cerebral artery (by means 
of transcranial Doppler), and local cerebral oxygenation (by means of fNIRS) has proven to 
provide reliable and complementary information on the cerebrovascular status of older 
adults. For example, these combined measures have been used in our lab to establish the 
capacity of cerebral vessels for vasoconstriction or vasodilatation in response to a change 
in perfusion pressure (dynamic cerebral autoregulation) or a change in CO
2
 (vasomotor 
reactivity).35,36 Thus, one strength of fNIRS is that fNIRS measurements can be easily 
combined with other physiological measurements, and this aspect should be further 
exploited in future studies to study the relationship between cerebrovascular status and 
cognitive performance at older age.
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Cognitive training: Implications
In chapter 4, we concluded that WM training led to improved performance in the WM 
domain in healthy older adults and patients with MCI. However, WM training did not result 
in broad generalization to cognitive domains other than WM, as assessed by neuropsy-
chological testing. In addition, no training-related change was detected in subjective 
cognitive functioning, as assessed by a questionnaire. After WM training, the participants 
were explicitly asked how they had experienced the training. In general, they reported 
that the training was challenging and that it required discipline, but it was well feasible 
and they were motivated to finish all training sessions. The drop-out rate was relatively 
low and unrelated to burden. Nobody reported large changes in daily-life functioning, but 
the majority stated that they were more cognitively alert; the training process created 
renewed awareness of the fact that in order to remember information, one has to focus 
attention when the information is presented. These subjective reports were not quantified 
and no statistical testing was applied. Hence, no conclusions can be drawn from these 
reports, but they reflect the positive attitude of the target population towards the training 
procedure applied in this thesis. It remains unresolved  whether WM training affects 
daily-life functioning; subtle changes may not be (fully) captured by neuropsychological 
testing or questionnaires. Therefore, the effects of cognitive training on everyday activities 
should be more explicitly addressed in future research.
 Only in a minority of healthy older adults and patients with MCI, training-related 
improvement of WM performance was reliable (that is, improvement beyond change that 
could be attributed to repeated testing alone). The number of participants who showed 
reliable improvement was too small to justify conclusions on participant characteristics 
that may predict training outcome. However, at group level, global brain atrophy and 
hippocampal atrophy were identified as individual factors that may negatively affect 
training outcome (chapter 4). In chapter 5, we found evidence for improved prefrontal 
processing efficiency during WM performance in healthy older adults, but not in patients 
with MCI, after WM training. The results also indicated that a ‘youth-like’ pattern of 
prefrontal activation at older age may be beneficial for behavioral performance and 
behavioral training gain. Predictions on individual performance benefits may be more 
robust if structural and functional measures are combined.  For example, additional 
prefrontal activation may be negatively associated with behavioral performance in 
individuals with low hippocampal atrophy (thus reflecting decreased prefrontal processing 
efficiency), while additional prefrontal activation may positively associated with behavioral 
performance in individuals with larger hippocampal atrophy (thus reflecting successful 
compensation). Future studies should aim to model the dynamic interplay between 
structural and functional measures in predicting individual behavioral outcome and 
behavioral training gain.
 In patients with MCI, we did not find cognitive load-related or training-related effects 
on brain activation, which limits the conclusions that can be drawn with respect to this 
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specific group. The patients with MCI who were recruited were all of the amnestic subtype. 
Although there is some evidence that Alzheimer pathology may underlie amnestic MCI,37 
we cannot rule out that the pathology underlying our patients’ memory problems may 
have varied within this group, leading to a ranging ability to show cognitive plasticity. Six 
months after finalization of all measurements of the study (chapter 4 and 5), the clinical 
status of the 18 included patients with MCI was checked, and it was revealed that 10 of 
them had stable amnestic MCI, 1 had improved memory performance, 4 had converted 
to Alzheimer’s dementia, 1 had converted to Lewy body dementia, 1 had suffered from a 
stroke, and 1 had suffered from subdural hematoma. These numbers were obviously too 
small for stratification of the data. Rather than investigating the brain-behavior relationship 
within specific group categories (that is, patients with MCI and healthy older adults), our 
aim was to investigate this relationship in a large spectrum covering low-performing 
individuals and high-performing individuals. We assumed that the nature of the cognitive 
load-activation curve (that is, the S-shape or inverted U-shape) did not fundamentally 
differ between the groups. The strength of the correlational analyses in chapter 5 was that 
the use of the entire sample increased the statistical power to find significant associations.
 For future studies of the brain-behavior relationship along the cognitive functioning 
spectrum, it is recommended to additionally include participants with subjective cognitive 
complaints (SCC), since these individuals are more likely to progress to MCI or dementia 
than individuals who do not report cognitive complaints.38 SCC may represent a subclinical 
stage of neurodegenerative disease in which normal cognitive functioning is maintained 
by means of neural compensatory mechanisms. By definition, individuals with SCC do not 
show cognitive deficits on standardized neuropsychological tests, which makes these 
measures insufficiently predictive of subsequent cognitive decline. Objective measurements 
of prefrontal (compensatory) activation patterns, as described in this thesis, may be of 
predictive value for cognitive decline or cognitive training outcome in individuals with 
SCC, which should be further investigated in future research.
Concluding remarks
Taken together, this thesis has shown the adaptive capacities of the aging brain. In 
response to increasing processing demands, the aging brain has the capacity to upregulate 
prefrontal activation. This thesis indicates that this compensatory recruitment is not 
necessarily related to better performance; a distinction should be made between 
successful and attempted prefrontal compensation. In addition, this thesis provides 
evidence for cognitive plasticity of the aging brain; healthy older adults and patients with 
MCI showed improved WM performance after WM training, and in healthy older adults, 
evidence was found for training-related improvement of prefrontal processing efficiency 
during WM performance. At this point, there is no evidence that, in general, WM training 
would result in enhanced daily-life functioning, or would slow down cognitive decline. 
However, this thesis emphasizes that there is a large variation in training outcome, and 
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that individuals factors, such as prefrontal activation pattern (or: the capacity to show 
prefrontal compensation), measures of brain atrophy and cerebrovascular functioning, 
may play a predictive role of training success. Future longitudinal studies that combine a 
cognitive intervention with measures of brain structure and brain function obtained over 
a decade or more, may be able to identify and quantify factors that may stimulate or limit 
cognitive plasticity.
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Nederlandse samenvatting
Veroudering gaat gepaard met veranderingen in de hersenen en achteruitgang in mentale 
vermogens, ofwel ‘cognitieve functies’. Kenmerkend voor normale cognitieve veroudering 
is het trager worden van de informatieverwerking, een vermindering van het concentra-
tievermogen en het slechter worden van het geheugen. Veel mensen merken dat zij met 
toenemende leeftijd meer moeite hebben met het onthouden van namen en telefoon-
nummers, het herinneren van producten op het boodschappenlijstje, of het terugvinden 
van voorwerpen zoals een sleutelbos.
 Deze achteruitgang van cognitieve functies treft echter niet elke oudere in gelijke 
mate. Veranderingen in de hersenen leiden namelijk niet altijd of direct tot een merkbare 
verandering in het functioneren: de prestatie op bijvoorbeeld een geheugentaak kan 
gelijk blijven terwijl een betrokken hersengebied aangetast is (bijvoorbeeld kleiner 
geworden). De hersenen kunnen de gevolgen van het ouder worden namelijk (deels) 
compenseren. Compensatie kent verschillende vormen; hersengebieden kunnen als het 
ware harder gaan werken bij het uitvoeren van een taak, maar het is ook mogelijk dat 
andere hersengebieden die normaal niet bij die taak betrokken zijn, gaan meewerken. Er 
bestaan aanwijzingen dat met name het voorste deel van de hersenen, de prefrontaalk-
wab, actiever is bij ouderen dan bij jongeren, om de gevolgen van veroudering te 
compenseren. De prefrontaalkwab is sterk betrokken bij de hogere cognitieve controle- 
en regelfuncties van de hersenen, zoals plannen, organiseren, overzicht houden, emotie-
regulatie en mentale flexibiliteit, ook wel executieve functies genoemd. De veronderstel-
ling dat het harder werken van de prefrontaalkwab bijdraagt aan een betere taakprestatie 
is echter nog onvoldoende onderzocht. Daarom was het doel van dit proefschrift om 
inzicht te krijgen in de compensatiemechanismen van het oudere brein.
Deel 1: Hersenactiviteit in de prefrontaalkwab bij normale veroudering
In hoofdstuk 2 is onderzocht welke veranderingen in de prefrontale hersenactiviteit 
optreden bij normale veroudering. Het werkgeheugen is een cognitieve functie die zeer 
gevoelig is voor leeftijdsgerelateerde achteruitgang. In het werkgeheugen wordt informatie 
tijdelijk vastgehouden en bewerkt voordat het voor langere tijd wordt opgeslagen. Bij 
gezonde ouderen (64-81 jaar) en gezonde jongvolwassenen (21-32 jaar) is de prefrontale 
hersenactiviteit gemeten terwijl zij een werkgeheugentaak met verschillende moeilijk-
heidsniveaus deden; de zogenaamde n-back taak. Tijdens deze taak krijgt de deelnemer 
achter elkaar letters op een beeldscherm te zien, waarbij het aantal letters dat in het 
werkgeheugen actief gehouden moet worden varieert. Bij de 1-back taak drukt de 
deelnemer op knop 1 als de letter op het scherm dezelfde is als één letter daarvoor, en op 
knop 2 als het niet dezelfde letter is. Bij de 2-back taak drukt de deelnemer op knop 1 als 
de letter op het scherm dezelfde is als twee letters daarvoor, en op knop 2 als het niet 
dezelfde letter is, et cetera. De deelnemer moet dus steeds letters in het werkgeheugen 
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‘updaten’, omdat er nieuwe letters bijkomen en er tegelijk onthouden moet worden welke 
letters al verschenen zijn. Bij de 0-back taak (de vergelijkingstaak) hoeven geen letters 
onthouden te worden; de deelnemer drukt op knop 1 als de letter op het scherm  een ‘X’ 
is, en op knop 2 als de letter op het scherm een andere letter is.
 De prefrontale hersenactiviteit werd gemeten met een relatief nieuwe techniek; 
functional Near-Infrared Spectroscopy (fNIRS). Met behulp van licht dat net buiten het 
zichtbare spectrum valt, het bijna-infrarode licht, kunnen concentratieveranderingen van 
hemoglobine in de buitenste laag van de hersenen, de neocortex, geregistreerd worden. 
Hemoglobine is een eiwit dat in de rode bloedcellen in het bloed voorkomt en verant-
woordelijk is voor het transport van zuurstof en koolstofdioxide. Op het moment dat 
iemand een taak uitvoert, neemt de zuurstofbehoefte in de actieve delen van de hersenen 
toe. Dit heeft tot gevolg dat de concentratie van aan zuurstof gebonden hemoglobine op 
die plek toeneemt, en de concentratie van niet aan zuurstof gebonden hemoglobine 
afneemt. Deze concentratieveranderingen kunnen met behulp van fNIRS gemeten 
worden en hieruit kan worden afgeleid dat een hersengebied geactiveerd is.
 De resultaten in hoofdstuk 2 toonden aan dat ouderen slechter gingen presteren op 
een taak die een groter beroep doet op het werkgeheugen, terwijl jongvolwassenen hun 
prestatieniveau wisten te handhaven. Zoals verwacht nam bij zowel ouderen als jong-
volwassenen de prefrontale activiteit toe met de oplopende moeilijkheidsgraad van de 
taak. Er was een leeftijdsverschil in hersenactiviteit: bij belasting van het werkgeheugen 
lieten ouderen een minder sterke toename van prefrontale activiteit zien in vergelijking 
met jongvolwassenen. Tevens waren bij ouderen beide hersenhelften actief, ongeacht de 
moeilijkheidsgraad, terwijl jongvolwassenen voornamelijk activiteit in de rechter hersen - 
helft lieten zien tijdens de makkelijke taak, en activiteit in beide hersenhelften tijdens de 
moeilijke taak. Deze bevinding kan wijzen op een compensatiemechanisme van het 
brein: bij ouderen worden beide hersenhelften al bij een lage belasting van het werk - 
geheugen ingezet om goed te kunnen blijven presteren.
 Het doel van hoofdstuk 3 was om meer inzicht te krijgen in de inzet van beide 
hersenhelften door gezonde ouderen. Een groep ouderen (64-81 jaar) voerde een variant 
van de n-back taak uit. De groep werd onderverdeeld in deelnemers die op deze taak 
relatief slecht presteerden en deelnemers die relatief goed presteerden. De relatie tussen 
de hersenactiviteit in de prefrontaalkwab en het prestatieniveau werd onderzocht. Bij een 
hoge belasting van het werkgeheugen lieten de relatief goed presterende ouderen een 
sterkere activiteit van de rechter prefrontaalkwab zien dan de relatief slecht presterende 
ouderen. Daarentegen was een sterkere toename van activiteit in de linker prefrontaal-
kwab bij oplopende moeilijkheidsgraad van de werkgeheugentaak gerelateerd aan een 
lager prestatieniveau. Concluderend toonden de resultaten aan dat prefrontale hersen-
activiteit gerelateerd is aan het individuele prestatieniveau, maar dat een toename van 
prefrontale hersenactiviteit niet noodzakelijk leidt tot een betere cognitieve prestatie. Als 
men spreekt van compensatie, zou dus op basis van het individuele prestatieniveau een 
502052-L-bw-Vermeij
177
NEDERLANDSE SAMENVATTING (SUMMARY IN DUTCH)
onderscheid gemaakt moeten worden tussen ‘succesvolle’ en ‘niet-succesvolle’ prefrontale 
compensatie. Bij succesvolle compensatie leidt toegenomen hersenactiviteit tot een 
betere prestatie. Bij niet-succesvolle compensatie leidt toegenomen hersenactiviteit niet 
tot een betere prestatie, of zelfs tot een slechtere prestatie.
Deel 2: Geheugentraining voor ouderen met geheugenproblemen
In het tweede deel van dit proefschrift is het cognitieve aanpassingsvermogen, ofwel 
‘cognitieve plasticiteit’, van het oudere brein nader bestudeerd. Deze term duidt op de 
veranderingen in het cognitief functioneren, zoals het beter gaan presteren op een 
geheugentaak, die gepaard gaan met onderliggende veranderingen in de hersenactivi-
teit. In hoofdstuk 4 en 5 is onderzocht of het mogelijk is om door middel van geheugen-
training het cognitief functioneren te verbeteren (hoofdstuk 4), en de prefrontaalkwab 
efficiënter te laten functioneren (hoofdstuk 5), om op deze manier de compensatieme-
chanismen te versterken. Een tweede doel was om voorspellers van het trainingsresultaat 
te vinden, zodat in de toekomst mensen geïdentificeerd kunnen worden die mogelijk 
baat hebben bij cognitieve training.
 Aan dit deel van het onderzoek hebben zowel gezonde ouderen deelgenomen, die 
in het dagelijks leven goed kunnen functioneren, als ouderen met lichte cognitieve 
problemen, ook aangeduid met de Engelse term ‘mild cognitive impairment’ (MCI). 
Patiënten met MCI hebben geheugenproblemen die ernstiger zijn dan ouderdoms-
vergeetachtigheid, maar niet ernstig genoeg om te spreken van dementie.
 25 Gezonde ouderen (63-81 jaar) en 22 patiënten met MCI (59-85 jaar) hebben vijf 
weken lang, vijf keer per week, een intensieve werkgeheugentraining gevolgd achter hun 
eigen computer. Vóór de training en na afronding ervan voerden zij allerlei cognitieve 
taken uit onder begeleiding van de onderzoeker. Ook werd hun prefrontale hersenactiviteit 
gemeten terwijl zij de n-back taak uitvoerden, variërend van heel makkelijk tot heel 
moeilijk. Drie maanden na afronding van de training kwamen zij nog een keer terug om 
de cognitieve taken te doen, zodat ook de resultaten op langere termijn geanalyseerd 
konden worden.
 Uit de resultaten bleek dat ongeveer één op de zes ouderen, zowel cognitief gezonde 
ouderen als patiënten met MCI, beter presteerde op de werkgeheugentaken ná de 
training. Er waren echter geen aanwijzingen dat zij ook op andere cognitieve taken beter 
presteerden, of dat zij in het dagelijks leven minder geheugenproblemen ervoeren. 
In tegenstelling tot de verwachtingen had de werkgeheugentraining bij patiënten met 
MCI geen enkele invloed op de prefrontale hersenactiviteit. Bij gezonde ouderen werd 
na de training een afname van hersenactiviteit waargenomen tijdens het uitvoeren van 
een moeilijke werkgeheugentaak; dit betekent dat de prefrontaalkwab wat efficiënter is 
gaan werken.
 Verdere analyses wezen uit dat mensen die bij een relatief lage belasting van het 
werkgeheugen al sterke hersenactiviteit lieten zien, slechter presteerden dan mensen die 
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pas bij een relatief hoge belasting van het werkgeheugen sterke hersenactiviteit lieten 
zien. Ook zijn er een aantal voorspellers van het trainingsresultaat gevonden: mensen bij 
wie de grootte van de hippocampus (een hersengebied dat belangrijk is voor het 
geheugen) afgenomen was, profiteerden mínder van de werkgeheugentraining. Mensen 
die vóór de training veel prefrontale hersenactiviteit hadden bij een hoge belasting van 
het werkgeheugen, profiteerden méér van de werkgeheugentraining. Mogelijk houdt dit 
in dat de cognitieve plasticiteit groter is bij mensen die voor de training een ‘jeugdig’ 
patroon van prefrontale hersenactiviteit laten zien.
Deel 3: Doorbloeding in de prefrontaalkwab bij normale veroudering
Veroudering gaat niet alleen gepaard met veranderingen in de hersenstructuur, maar ook 
de kwaliteit van de bloedvaten gaat langzaam achteruit. Een goede doorbloeding van de 
hersenen is noodzakelijk om cognitief goed te kunnen blijven functioneren. De hersenen 
zijn zeer gevoelig voor veranderingen in de bloedtoevoer. Het is een normaal verschijnsel 
dat de bloeddruk continu kleine, langzame schommelingen vertoont, die onder andere 
samenhangen met de ademhalingsfrequentie en hartslag. Een tijdelijke grote schommeling 
in de bloeddruk wordt veroorzaakt door bijvoorbeeld op te staan vanuit zittende positie. 
Via een regelmechanisme, de ‘cerebrale autoregulatie’, reageren de hersenbloedvaten op 
grote en kleine schommelingen in de bloeddruk om de hersendoorbloeding zo constant 
mogelijk te houden.
 Om inzicht te krijgen in de vaatfunctie van cognitief gezonde ouderen, werden in 
hoofdstuk 6 de  kleine, langzame schommelingen in de doorbloeding van de prefron-
taalkwab bestudeerd. Een groep jongvolwassenen (23-32 jaar) en een groep cognitief 
gezonde ouderen (64-78 jaar) deden een taak die een groot beroep doet op het 
werkgeheugen (2-back) en een vergelijkingstaak (0-back). Terwijl zij dit deden, werden de 
schommelingen in hemoglobineconcentratie in de microvaten van de prefrontaalkwab 
gemeten met fNIRS. Ook werden de schommelingen in de bloeddruk geregistreerd.
 De resultaten toonden een leeftijdsverschil aan; de langzame schommelingen (van 
0,02-0,07 Hz en van 0,07-0,2 Hz) in de bloeddruk en prefrontale doorbloeding waren in 
sterkte afgenomen bij ouderen. Het uitvoeren van een taak was bij ouderen niet van 
invloed op de sterkte van de schommelingen. Bij jongvolwassenen daarentegen nam de 
sterkte van de langzame schommelingen (van 0,02-0,07 Hz) af bij een toenemende 
belasting van het werkgeheugen. Verder waren er geen aanwijzingen dat het regelme-
chanisme dat de invloed van bloeddrukschommelingen op de hersendoorbloeding 
dempt, de cerebrale autoregulatie, verandert onder invloed van leeftijd.
 Uit deze resultaten kan geconcludeerd worden dat veroudering gepaard gaat met 
veranderingen in de microvaten van de hersenen; de afname van schommelingen kan 
wijzen op vaatstijfheid en verminderde activiteit van het gladde spierweefsel in de 
bloedvaten. Mogelijk is dit van invloed op de processen die lokaal in de hersenen de 
doorbloeding regelen tijdens het uitvoeren van een cognitieve taak.
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Conclusies
In hoofdstuk 7 wordt een uitgebreide beschouwing van de resultaten gegeven. 
De onderzoeken in dit proefschrift tonen aan dat het oudere brein in zekere mate beschikt 
over een cognitief aanpassingsvermogen, ofwel cognitieve plasticiteit. Het oudere brein 
heeft de capaciteit om te reageren op toenemende taakeisen door de prefrontaalkwab 
sterker in te zetten. Deze prefrontale compensatie leidt niet noodzakelijk tot een betere 
taakprestatie. Er dient een onderscheid gemaakt te worden tussen succesvolle en niet- 
succesvolle prefrontale compensatie. In dit proefschrift is tevens onderzocht of de 
prefrontale compensatiemechanismen van het oudere brein te verbeteren zijn door 
werkgeheugentraining. Een minderheid van de onderzochte cognitief gezonde ouderen 
en patiënten met MCI liet na de training een verbeterde prestatie op werkgeheugentaken 
zien. Bij gezonde ouderen werden bovendien aanwijzingen gevonden voor het efficiënter 
functioneren van de prefrontaalkwab bij een hoge belasting van het werkgeheugen. 
Echter, tot op heden bestaat er geen wetenschappelijk bewijs dat werkgeheugentraining 
zou leiden tot een beter cognitief functioneren in het dagelijks leven, of dat cognitieve 
achteruitgang geremd zou kunnen worden door werkgeheugentraining. Meer onderzoek 
hiernaar is nodig.
 De onderzoeken in dit proefschrift benadrukken dat er een grote variatie bestaat in 
het cognitief functioneren op oudere leeftijd en dat het resultaat na cognitieve training 
ook sterk varieert. Individuele factoren, zoals de capaciteit tot prefrontale compensatie, de 
grootte van hersengebieden, of de vaatfunctie kunnen mogelijk van voorspellende 
waarde zijn voor het trainingsresultaat. De kennis die in dit proefschrift is opgedaan kan 
ertoe bijdragen dat in de toekomst beter bepaald kan worden wie risico loopt op 
cognitieve achteruitgang, wie baat kan hebben bij cognitieve training, en hoe cognitieve 
training effectiever gemaakt kan worden. Het is van belang dat in de toekomst 
longitudinaal onderzoek verricht wordt bij mensen van middelbare leeftijd van wie 
herhaaldelijk gegevens over de hersenstructuur en hersenfunctie verzameld worden, 
zodat bepaald kan worden welke individuele factoren de cognitieve plasticiteit kunnen 
beperken en stimuleren.
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